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Preface 



Worldwide, industrial chemists are endeavoring to meet the criteria of a 
sustainable development. Ideally, an environmentally benign reaction utilizes 
nontoxic reagents and solvents for a quantitative conversion at the optimum 
level of product selectivity. Catalytic procedures are clearly the most econom- 
ical means of effecting selective processes in organic synthesis. Therefore, Bio- 
catalysis continues to attract considerable attention of the synthetic chem- 
ist’s community due to its competitive “natural” advantages, particulary in its 
intrinsic capacity for the asymmetric synthesis of enantiomerically pure com- 
pounds. Despite the initial high promise, however, industrialization of biocata- 
lytic processes so far has only been realized for a few large scale operations. 
Limited substrate tolerance of available enzymes, tedious and costly process 
development, and the need for an extended knowledge base across many 
scientific disciplines have often hampered a straightforward replacemant of 
traditional chemical operations by the utilization of enzyme catalysis. 

This volume in the series of Topics in Current Chemistry attempts to fa- 
miliarize the synthetic organic community with a number of important new 
developments in the Biocatalysis arena in consideration of both enabling and 
able technologies. A number of leading contributors from the forefront of this 
exciting technology address the state of the art of biocatalysis in eight authori- 
tative and timely reviews, from discovery through development to application. 
Recent landmark advances in molecular biology have the potential to pro- 
foundly alter the shape of the field of applied biocatalysis and the pace of its 
future progress at the beginning of the next millenium. The latest screening and 
selection technologies allow the rapid identification of enzyme activities that 
offer properties suitable for organic synthetic applications. Thus, unique en- 
zymes with improved or with novel properties are becoming available from 
diverse, previously inaccessible sources, by ingenious DNA recombination 
techniques along an evolutionary approach, or by eliciting monoclonal anti- 
bodies with directable binding specificities. Besides appropriate techniques of 
protein handling and reaction engineering, for future successful biocatalytic pro- 
cesses it will be mandatory to have ready access to an extended database that 
precisely defines scope and limitations for each synthetically useful enzyme. 
Thus, half of the chapters illustrate the synthetic potential of recently emerging 
biocatalysts that have a capacity for the synthesis or modification of the most 
important classes of pharmaceutically interesting compounds, particulary in 
the phospholipid, epoxide, cyanohydrin, and oligosaccharide fields. 
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Preface 



Unique new enzymes are now readily accessible in quantity with properties 
that are amenable to modification on demand. It is my firm belief that such 
fascinating possibilities not only open new playgrounds for creative minds but 
will also assist each practising scientist with effective tools for tackling the 
future challenges in Organic Synthesis, and it is my hope that this volume will 
actively support this goal. 

Darmstadt, September 1998 Wolf-Dieter Fessner 
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The development of new biocatalysts as synthetic tools for chemists has been expanding 
rapidly over the last several years. It is now possible either to discover or engineer enzymes 
with unique substrate specificities and selectivities that are stable and robust for organic syn- 
thesis applications. This has been made possible by the application of the newest screening 
and selection technologies that allow rapid identification of enzyme activities from diverse 
sources. We focus on how to recognize and tackle important issues during the strategic design 
and implementation of screening for novel enzymes. We also review the approaches available 
for biocatalyst discovery and relate them to the isolation of thermostable enantioselective 
esterases and alcohol dehydrogenases for the purpose of illustration and discussion. 

Keywords: Enzymes, Biocatalysts, Screening, Enzyme discovery. Biocatalysis, Selections, Bio- 
transformation, Industrial enzymes. 
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1 

Overview 



1.1 

A Bit of Biocatalyst History 

The first enzymes were discovered in the 1830s: diastase by Payen and Persoz 
and pepsin by Schwann. The first asymmetric synthesis using an isolated en- 
zyme was carried out by Emil Fischer in 1894 when he applied the cyanohydrin 
reaction to L-arabinose, establishing that enzymes have an extremely high 
degree of substrate specificity [1]. By the 1920s several different enzymes were 
known to exist. While the idea that enzymes could be used for a variety of com- 
mercial applications was always in the realm of possibility, it was only in the 
1960s and early 1970s that commercial processes using enzymes were widely 
used. For example, carbohydrate-processing enzymes have been widely used in 
the food industry for the processing of corn, potato and other starches [2]. Also, 
the addition of proteases to detergents became an important industrial use of 
enzymes. While these applications have accounted for a majority of the bulk 
enzyme sales, an increasingly important application of enzymes has been as a 
catalytic tool in the synthesis of specialty organic chemicals [3 - 7] . 

For example, an early application of biocatalysis was a commercial process to 
make ascorbic acid starting with glucose, developed by Reichstein in 1934 
(reviewed in [8]). The adoption of biocatalysis processes in the production of 
specialty chemicals has been slower than anticipated. Most synthetic chemistry 
biocatalysis applications currently in place have been developed using a limited 
set of commercially available enzyme tools such as lipases, esterases, or pro- 
teases. These enzymes were developed for other applications, such as those in 
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the food and textile industries [9]. They were explored as biocatalytic solutions 
because they were readily available inexpensively and in large quantities. It is 
only within the last few years that there has been a concerted effort to discover, 
engineer, and develop enzymes specifically for chemical synthesis applications 
[10]. The development of new molecular screening techniques, recombinant 
DNA technology, and a new focus on the importance of biocatalysis has signifi- 
cantly advanced the field. 



1.2 

Tailoring Screening to Meet Biocatalysis Challenges 

There are a number of challenges to the successful development of a commer- 
cial biocatalysis process. Most of these challenges can be addressed at the outset 
by properly setting up a screen in order to identify a novel catalyst which has the 
properties necessary to carry out a reaction that can be scaled-up. The most 
critical challenges include the following. 

Every reaction may need a different enzyme. Even highly related molecules may 
need a different catalyst to optimally carry out a reaction. While the same en- 
zyme can often recognize similar substrates, the differences in substrate specifi- 
city can be great enough to prevent a process from being economical. There are 
several approaches to expand the diversity of enzymes available to carry out 
biotransformations and develop new enzymes specifically tailored or discov- 
ered for chemical synthesis applications. Recently several groups, including our 
own, have begun to overcome this by developing families of enzymes such as 
hydrolases, oxidoreductases and others through enzyme discovery approaches. 
We have now developed specific families of enzymes capable of carrying out cer- 
tain classes of reactions, giving the synthetic chemist a wider range of enzymes 
off-the-shelf. Another approach to diversify an enzyme collection is to use direct- 
ed evolution to fine-tune an enzyme’s activity [11]. This is even more effective 
when taken together with the enzymes available from biocatalyst discovery 
searches that now allow a greater range of starting templates for the reaction. 

Enzymes are notoriously unstable and require special handling conditions. It is 
likely that no other factor has been more detrimental in keeping biocatalyst 
technologies from practical implementation on large scale than the inherent 
instability found in most enzymes. If enzymes are to play a significant role in 
large scale processing of chemicals, they must be able to endure the often harsh 
conditions associated with industry. Alpha-amylase and subtilisin are the most 
successful industrial enzymes primarily because of their thermostability and 
hardiness. In addition, while most enzymes lose a significant portion of their 
activity in organic solvents, thermostable enzymes are typically more tolerant to 
the denaturing conditions of many organic solvents [12, 13]. Other technologies 
such as immobilization [14, 15],cross-linked-enzyme-crystals (CLEG [16]), and 
directed evolution [11, 17] can also help to further stabilize enzymes, but by 
setting up an initial screen for stable enzymes, one can ensure an inherent 
stability in the enzyme that is developed. 
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Multidisciplinary science. Biocatalysis is truly a multidisciplinary science, in- 
corporating microbiology, molecular biology, enzymology and biochemistry, 
synthetic chemistry, analytical chemistry, and chemical engineering. Effective 
screening for new enzymes for biocatalytic applications requires an under- 
standing and integration of these sciences. 

It takes a long time to develop a biotransformation process. Finally, the time it 
takes to develop a biotransformation can prevent the process from reaching a 
commercial scale. In the pharmaceutical industry time is money, and a delay in 
the development of a useful process will lead to the adoption of an alternative 
process - even if it is more costly. Biocatalyst discovery and screening represents 
one of the longest time factors involved. By pre-establishing a diverse library 
of enzyme activities, organisms and gene banks, biocatalyst discovery and 
engineering can be shortened considerably. 

We will explore here some examples and how screens were used for devel- 
oping these enzyme families, and discuss the importance of choosing the right 
conditions to allow for easier identification of an active enzyme that can readi- 
ly be produced and scaled-up when needed. By implementing screening solu- 
tions that take these factors into account, one can exploit the vast diversity of 
nature’s catalytic repertoire. 



1.3 

A Working Plan 

Figure 1 outlines a general working plan for exploring a biocatalysis solution. 
The simplest solutions are tested first at the top of the flow-chart. The easiest 
solution is to find a commercially available enzyme for a given reaction. If one is 




Fig. 1. Working plan for finding a biocatalytic solution 
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not found, then a more involved screening project needs to be undertaken. By 
setting up this screening project correctly and methodically, one can save time 
and effort in the discovery of a new catalyst. We usually screen organism banks, 
clone banks, and new isolates in parallel because it increases the probability of 
finding an appropriate enzyme of interest. It is difficult to determine ahead of 
time that a particular method is likely to lead to an enzyme with the desired 
activity, and all methods usually yield different results. Finally, if an ideal cata- 
lyst cannot be found, newer technologies such as directed evolution and other 
methods of protein engineering could be employed to customize an appropriate 
biocatalyst. 

One of our activities is to develop new libraries of enzymes for certain classes 
of chemical reactions so that the speed of developing a new biocatalysis process 
is increased, thus expanding the options at the top of the diagram. 

There are a number considerations which need to be taken into account when 
screening for new enzymes, and most of these can be generalized to a variety of 
screening projects. 

2 

Enzyme Sources 

The first question that should be addressed is on the source of the enzymes that 
are to be screened. There are advantages and disadvantages to each source, and 
these have been compiled in Table 1. 



2.1 

Screening from Commercially Available Enzyme Libraries 

By far the fastest and easiest route to finding a new enzyme is to find one that 
exists in a commercial library. This allows for instant access to the catalyst in suf- 
ficient quantities to take the project to the next step. For the most part there are 
still only a few sources. Traditional sources such as Sigma, Amano, Roche Molec- 
ular Biochemicals (formerly Boehringer-Mannheim), and Toyobo carry many of 
the classic enzymes that have been used in the past. 

The biggest change over the last several years has been the development of 
larger commercial enzyme libraries to enhance and simplify biocatalyst disco- 
very. We have been developing enzymes using a methodical plan to discover and 
develop useful new enzymes for synthetic chemists. As a result, the first new sets 
of thermostable enzyme families were discovered. These included esterases and 
lipases, and more recently alcohol dehydrogenases. Other groups have also taken 
similar approaches [ 19] . In addition, companies like Altus Biologies have assem- 
bled commonly used industrial catalysts for researchers and modified them 
with technology to stabilize the proteins [20]. 

Although larger commercial enzyme libraries are becoming available to the 
researcher, it is still not always possible to find an appropriate enzyme from a 
commercial source. In this case, a custom screening needs to be performed. This 
screening can be from a collection of microorganisms or from clone banks that 
have been generated from these organisms or isolated DNA. 





Table 1. Enzyme sources 
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2.2 

Culture Sources 

Most enzymes of industrial importance developed in the past have been derived 
from species that are GRAS (Generally Regarded as Safe). These include bac- 
terial species for Bacillus and Lactobacillus, and Pseudomonas and fungi from 
the Ascomycota Zygomycota classes [21]. 

A partial listing including web addresses of some of the largest culture sour- 
ces are given in Table 2, and many of these have links to most of the other avail- 
able strain collections. Some of these include the American Type Culture 
Collection (ATCC) and the DSMZ German Collection of Microorganisms and 
Cell Cultures. 

Access to a good proprietary collection of enzymes is also extremely helpful 
for finding an enzyme, especially if those collections have been logically assem- 
bled for applications of interest. If one knows which type of enzyme one is 
screening for, cultures can often be enriched for particular enzyme activities by 
standard methods [22]. 

Screening from culture sources has been successful in many cases [23]. There 
are, however, several challenges. First, since the media for different organisms 
will be diverse, the systematic screening of organism banks becomes more diffi- 
cult. A general solution is to group like strains together for screening on different 
types of media and to find a media recipe that can support growth of the orga- 
nism. Since the media composition ultimately effects which proteins are produ- 
ced in the cell, the media choice for a particular enzyme screen can be critical to 
having the protein of interest expressed [24] . The cost of establishing and main- 
taining a proprietary strain collection can also be quite high. Several companies 
provide cost-effective access to their proprietary culture collections. 

Strain redundancy is also another concern. When identifying new isolates, 
verification that a particular strain is unique can be accomplished by one of 
several methods. The first is a phenotypic characterization of traits such as 
colony morphology, classical strain typing such as the Bergey system [25], 
ribosome relationship data [26] , or PCR-based comparison of strains [27] . One 
thing to note, however, is that very small differences in amino acid makeup of 
related enzymes can lead to significant differences in enzyme activity. This can 
often be overlooked if using a broader genomic comparison tool to eliminate 
duplicates. 



Table 2. Partial list of online strain collections 



Collection 



WWW site 



ATCC American Type Culture Collection www.atcc.org 

DSMZ German Collection of Microorg. and Cell Cultures www.gbf de/DSMZ 

Microbial Information Network of China sun.im.ac.cn 

MSDN Microbial Strain Data Network www.bdt.org.br/bdt/msdn 

World Data Center for Microorganisms (Japan) wdcm.nig.ac.jp 

CGSC E. coli Genetic Stock Center cgsc.biology.yale.edu/top.html 
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2.3 

Screening from Clone Banks 

Screening for new enzymes from clone-banks can be extremely rewarding. By 
setting up the clone banks in a unified or small set of host organisms (like E. coli. 
Bacillus, or yeast) only a limited number of different propagation methods need 
to be implemented, thus allowing systematic screening methods to be carried 
out more easily. If a cloned enzyme is discovered, it is generally easier to scale- 
up and produce in larger quantities. In addition, cloning is a prerequisite to most 
types of genetic modification of the gene including directed evolution. Addition- 
ally, in a clone bank the gene of interest is often removed from its regulatory 
elements that can repress expression and helps purify the gene away from iso- 
zymes and other competing activities. 

There are a few disadvantages to screening clone banks. Removing a gene 
from its regulatory elements can turn the gene off instead of on, thus masking 
the activity. The gene may not express well in the host cloning strain (which 
typically includes E. coli. Bacillus and yeast) because of codon usage, nucleic 
acid structure, or lethality. The activity from enzymes that are post-translation- 
ally modified may be altered or destroyed [28]. In addition, the actual restric- 
tion sites used to construct the gene bank can affect whether any activity is 
observed or not, since the distance from the expression signals are altered. 
Finally, for each organism a clone bank is developed from, one needs to screen 
thousands to tens of thousands of clones for each organism to cover the entire 
genome of that organism. Several solutions have been devised, including auto- 
mated screening and hierarchical screening methods, that will be discussed in 
more detail below. 

The DNA used for cloning can originate from DNA prepared from cultured 
organisms or DNA prepared from uncultured organisms. It has been estimat- 
ed that less than 1% of the world’s organisms have been cultured [29]. By 
directly amplifying DNA from soil samples using PCR the DNA from these 
uncultured organisms can be isolated and used as a cloning source, thus 
allowing access to a greater diversity of enzymes [ 19] . There are a few concerns 
with DNA from uncultured organisms that need to be taken into account. 
First, it is difficult sometimes to clone DNA between closely related species. 
Generating DNA fragments from organisms that are less closely related 
presents even more problems. Second, by nature of the PCR reaction, cer- 
tain DNA species will be amplified preferentially; thus there is no guarantee 
that if 100 esterases are isolated from one PCR reaction, they will be dif- 
ferent. 

One way of alleviating a number of these problems is actually to make several 
parallel clone banks using different expression vectors and strains, regulatable 
expression systems, and low copy-number vectors. Vectors choices [28] such as 
plasmids vs phagemids, high vs low copy number vectors, all can affect what is 
cloned, and there is not one solution which will satisfy every project. Further- 
more, the cloning host also makes a difference. E. coli is usually the host of choice, 
but Bacillus can be preferred for secretable enzymes, and yeast for eukaryotic or 
post-transitionally modified enzymes. 
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2.4 

Organizing the Enzyme Sources 

If a commercial or pre-developed enzyme is not available from our library, we 
typically screen all the other sources simultaneously because one can never tell 
where a unique or useful activity is likely to be developed from first. In general, 
the use of formats such as microtiter plates helps to speed screening and creates 
an array that can he systematically screened, although one needs to take special 
care to avoid contamination problems. Clone banks can be stored in one of 
several ways. DNA libraries can be stored untransformed in tubes, or as trans- 
formed cultures. These transformed cultures can be stored as a pooled mixture 
or as an array of individual colonies. Depending on the insert size, a bank of 
thousands to tens of thousands of individual colonies needs to be stored to cover 
the complete genome of an organism. This should be done for every organism in 
the collection if one wants ultimate versatility in screening. The library from a 
single organism can then be arrayed and multiplexed into a single screening plate 
to save screening time. Once a positive candidate is identified, the sub-plates can 
then he tested quickly to determine which clone contains the appropriate activity. 

There are advantages and disadvantages for each strategy. First, saving the 
clone banks as either DNA libraries or transformed pools provides the most 
flexibility and saves time and effort. The DNA can be transformed into any host 
that maybe desired. Different hosts maybe desired for different activities since 



Organism/Gene Enzyme 

Banks Libraries 



Custom and Standard 
Screening Systems 





standard screening 
formats 




Fig. 2. Enzyme library organization. Enzymes discovered in organisms and gene banks are 
organized by activity type into enzyme libraries. These are characterized and can be subdivi- 
ded into screening kits based on their substrate preferences and synthetic utility 
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host organisms often has some degree of background activities. Thus a proper 
host can make a big difference in implementing an effective screen or selection. 
Arraying all of the colonies can be extremely time-consuming, but is often 
important if one cannot develop an appropriate random plate screen or selec- 
tion. In addition an arrayed system is somewhat easier to automate. These are all 
important issues and decisions that need to be made in setting up an appropriate 
screen or selection, and are discussed further in the next section. 

Instead of re-culturing and re-cloning organisms and libraries each time a 
new enzyme is desired, strategies to centralize and organize the libraries and 
findings of previous experiments in-house can be implemented. Figure 2 shows 
one way to organize the results, making them useful for future screening projects 
both in-house and at other locations. Organism libraries and banks can be grou- 
ped based on media preferences and relatedness for easier screening. 

3 

Enzyme Screening 



3.1 

Some Strategic Issues 



3.1.1 

Screens vs Selections 

Assaying a large number of sources, such as a large collection of clone banks, 
requires that a selection or effective screen be developed so that the desired 
activities can be found. One of the initial decisions to be made is whether to 
use a screen or selection to identify the enzyme [30]. A successful selection or 
screen is based on a careful design based on understanding the activity of the 
target enzyme. Screens are easier to develop, more readily available, and can 
often give quantitative results, but require that every single colony be analyzed. 
Selections are more difficult to develop and are qualitative, but allow much 
higher throughput since only the colonies with activities of interest grow. When 
they can be developed, however, they allow for the cloning of genes by expres- 
sion complementation. We have found that we can successfully clone genes from 
many thermophilic organisms by complementation in E. coli [31]. Even a 
sophisticated high-throughput automated screening system will only let you 
look at a fraction of the colonies per week that you can assay on a single petri- 
plate with a selection approach. Selections are especially important when 
screening for modified enzyme activity, such as in a directed evolution project. 
Selection allows a much larger number of variants to be looked at in a mutagen- 
esis experiment. 

When a clean selection cannot be employed, one may perform an enrich- 
ment to increase the percentage of positive candidates in the screening pool by 
favoring growth of certain cells prior to the assay [22]. A number of resources 
exist to help design and develop screens and selections for different activi- 
ties. LaRossa describes many selectable phenotypes that are available in 
E. coli [32]. 
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However, even if a selection can not be developed in a reasonable period of 
time, a powerful screen can be extremely useful. The most convenient is a petri- 
plate-based screen that allows rapid visual identification of positive colonies or 
phage plaques. Generally a precipitable color reaction is the most desirable tech- 
nique, since it allows visual and straightforward identification of active colonies. 
This is a result of color development upon enzymatic processing of the substrate 
(usually chromogenic) and the properties of the chromogen, which precipitates 
in place. If no diffusion occurs, the active colony can be easily identified. If a 
precipitable method cannot be developed, a more-tedious liquid-phase soluble 
substrate system often can be. An intermediate solution in which a non-pre- 
cipitable chromogenic substrate is looked at in the solid phase is still possible 
with the right conditions, but diffusion can jeopardize the identification of the 
active species, especially when the high-throughput requires high density of 
colonies. 



3.1.2 

Substrate Selection 

The most important consideration in finding a new enzyme is to set up screen- 
ing conditions that mimic the target as much as possible. Optimally, the actual 
target substrate makes the best screening molecule, although this is often diffi- 
cult to accommodate. Throughput considerations and other factors need to be 
taken into account and may require that a substrate analog be used. In this case, 
the closer the properties of the substrate analog are to the actual target substrate, 
the more likely it is to find an enzyme of interest. Substrate selection issues are 
addressed in more detail below. In the worst case scenario, if a suitable substrate 
or substrate analog cannot be used, a complicated method such as HPLC or GC 
must be used as an assay. This significantly limits throughput. 



3.1.3 

Screening Criteria 

Setting up the proper screening criteria is also extremely important. The crite- 
ria will affect which candidates are turned up in the screening process as well as 
the physical and kinetic properties of the enzymes that are identified. By setting 
the wrong criteria, an enzyme might be found which catalyzes conversion of a 
particular substrate, but does it in such a way that would be economically in- 
effective or impossible to carry out on a large scale. These issues include pH, 
temperature, buffer, salt, cosolvents, and other conditions affecting the assay to 
be used and should closely mimic the end application as much as possible. 



3.1.4 

Plate vs Liquid Assay Systems 

While more difficult and time consuming to develop, petri-plate-based screens or 
selections are highly desirable since they allow about 1000-10,000 colonies to be 
visually screened on a single petri with a random array of colonies. Potential posi- 
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live candidates can then be isolated for further characterization. This allows the 
most flexibility and ease of use in screening. It allows non-ordered clone libraries to 
be rapidly screened as well. In order to develop a solid-phase screening system, one 
needs a good assay for visualizing positives. This is generally colorimetric assay 
based on a precipitable substrate, a pH-based assay, or a filter-bound assay [33]. 

If a solid-phase plate assay cannot be developed, the next best thing is a 
simple liquid-phase assay. Using soluble enzyme substrates, these assays are 
generally more quantitative than a simple colorimetric plate-assay. The liquid- 
based system is amenable to easy automation since many of the technologies for 
liquid handling, microtiter-plate handling, and microtiter-plate assays have 
been developed. The liquid-handling system requires that the colonies being 
screened are arrayed into microtiter plates initially. This limits throughput com- 
pared with the plate-based system even if a highly automated system is employ- 
ed. Some researchers are now working on flow-cytometry assays to measure 
systematically individual reactions in microorganisms [34]. This will allow each 
individual cell in a screening application to be assayed without the need of first 
growing colonies and picking them manually or robotically into individual wells 
in a microtiter plate. 



3.2 

Different Methods of Screening 

As the number of enzymes and the need to scan larger and larger libraries grows, 
methods for increasing throughput in screening become increasingly important. 
Two general approaches have been taken. These include automated high-through- 
put screening (HTS) and hierarchical structured screening approaches. 



3.2.1 

Hierarchical (Muiti-Tiered) Screening Approaches (HMTS) 

One can gain significant increases in throughput by implementing hierarchical 
screening approaches. In this type of approach several screening assays are often 
combined in series to narrow the scope of the screening project step by step. 
Using this method the easier, but perhaps less accurate, screens are carried out 
first. The more tedious but quantitative screens are then carried out on only a 
fractional subset of candidates which have been pre-validated as potentially use- 
ful isolates. We have often made use of this type of screening approach because 
it is rapid, useful, and cost effective. An example 3-level hierarchical screen is 
outlined in Fig. 3 and consists of the following strategy. 

Level 1. Most General Screen - Fast and Simple. This type of screen eliminates 
the majority of negative candidates, and preferentially does not elimi- 
nate potential positives. 

Level 2. Intermediate Screen(s). This step generally employs more specific sub- 
strates or semi-quantitative approaches. 

Level 3. Specific Screen. Slowest and most accurate. This type of screen gener- 
ally employs highly quantitative assays including FIPLC, GC, or spec- 
trophotometric or fluorogenic quantitative approaches. 
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Fig. 3. A schematic of a three-level hierarchical screen 



Level 1 . Fast and Basic 

Qualitative Identification 



Level 2. Semi-Quantitative 
Screen 



Level 3. Fully Quantitative 
Analysis 



This type of screening approach works because it is subtractive in nature. The 
first step acts to eliminate the majority of candidates and colonies that do not 
appear to have any desirable activity at all. As mentioned earlier, the use of sub- 
strate analogs almost assures that some potential candidates will be missed 
which act on a particular substrate of interest, or that some will be found that do 
not perform on the actual target substrate. For this reason it is important to try 
and pick substrates that give a good cross-section of activities from the library 
being screened. In the second step of the screen, expression levels and relative 
substrate specificities can be determined on a more quantitative basis, often 
using colorimetric candidates like nitrophenyl derivatives. Finally, actual candi- 
date substrates are usually tested to determine which enzymes give the best 
activity for a particular application. 



3.2.2 

Automated High-Throughput Screening (HTS) 

Recent progress in approaches for drug design and lead-optimization has led to 
an extensive development of new tools for high throughput screening (HTS) and 
ultrahigh throughput screening [35]. A number of commercial platforms for the 
development and implementation of HTS are now available that can allow for 
the screening of anywhere from 10,000 to over 100,000 wells per week. Another 
trend in implementing high throughput screening has been towards miniatur- 
ization and the use of microchips. The immobilization of DNA fragments on a 
microchip has allowed for the survey of large collections of genes for relatedness 
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by DNA hybridization [36]. Another approach has been to use microfluidics 
technology and capillary electrophoresis to develop miniaturized platforms to 
implement HTS [37]. 



3.2.3 

Hybrid Approaches 

Perhaps the best feature of the hierarchical screen is that it lends itself to auto- 
mation at the later stages, but does not require that the initial screening be car- 
ried out on an ordered library of clones or organisms. For example, the initial 
screen can be carried out on solid-phase petri-plates, and then the characteriza- 
tion and analysis of the candidate clones can be automated since this is generally 
a liquid-based assay. The recent availability of automated colony-picking de- 
vices from a number of companies including Genetix Products and Plexus can 
also help to automate collection and arraying of candidate clones [38]. 



3.3 

Other Approaches for Enzyme Discovery 



3.3.1 

Screening for Gene Homoiogy 

Another approach to discover new enzymes is based on the sequence similarity 
across members of a class of enzymes. Rather than screening for activity based 
on an assay, this approach uses the sequence similarity between enzymes with 
similar properties. An analysis of conserved regions can be performed to design 
degenerate oligonucleotide primers. These primers are used to amplify the 
coding sequences of related enzymes using PCR from template libraries. For 
example, this approach has been used successfully for cellulases [39]. The diver- 
sity of enzymes that can be isolated using this approach would represent 
the diversity of ecological niches of the source organisms. Therefore, one can 
isolate enzymes with close matches of catalytic properties but different catalytic 
optima if source organisms are closely related but inhabit different environ- 
ments. 



3.3.2 

Mining Genome Databases 

With the wealth of genomics information that is now becoming available, the 
approach to using sequence similarity to discover new catalysts can be imple- 
mented with computer search tools, rather than carrying out actual experi- 
ments. This bioinformatics approach can allow for exploration of a vast number 
of genomes and organisms that span multiple phyla. A sequenced genome is first 
annotated using one of several methods such as BLAST, WIT, Magpie, and other 
programs to identify potential homologies with genes in genomic databanks 
[40-44]. Recent research is now focusing on methods to identify and assign 
gene functions to open reading frames that have no obvious homologs. Using 
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these methods, we have discovered dozens of new, previously unidentified genes 
with potentially useful industrial properties from thermophilic organisms 
which are currently being studied and developed. 

4 

Implementing a Screen: Esterases and Dehydrogenases 



4.1 

Developing Screening Criteria 

The considerations in the previous section need to be addressed and customized 
for every screening project. As an example, when we set out to develop a new 
library of esterases for synthetic chemistry use, we first needed to determine the 
criteria that would be used in the screening project. Esterases and lipases cata- 
lyze the hydrolysis of ester bonds as shown in Scheme 1 and are useful for reac- 
tions requiring different regioselectivities, chemoselectivities, and stereoselec- 
tivities depending on the enzyme’s substrate specificities. 

Our goals were to develop a series of esterases that offered a range of sub- 
strate specificities, enhanced enzyme stability, and were useful in a variety of 
synthetic chemistry applications on a large scale. At the onset of this project, the 
existing commercial enzymes did not fully address the need for different sub- 
strate specificities, improved stereoselectivity, stability under industrial reaction 
conditions, and availability in large quantities. We also wanted the enzymes to 
be produced at high levels and have high overall activity. 

Within these parameters we thought it best to first develop a set of esterases 
that recognized short alkyl-chain esters. This was important since one of the pri- 
mary applications of the esterases was in chiral resolution applications where 
the molecules being tested have generally small methyl or ethyl ester groups 
attached. We also chose to identify those enzymes that appeared to have high 
activity and/or production levels in the screening application. The temperatures 
at which the screening would be carried out were also critical. Thermostable 
enzymes are generally more stable under a variety of conditions including room 
temperature and in organic solvents. 

Using high temperature screens we initially identified extremely stable en- 
zymes such as ElOO shown in Fig. 4. ElOO was isolated from an extreme thermo- 
phile. While this enzyme is extremely stable, it had very low activity at room 
temperature, which made it practically ineffective below 50-60°C. In fact, we 
were unable to identify its optimal temperature using p-nitrophenyl-propionate 
as a substrate since it spontaneously hydrolyzed at temperatures above 70 °C. 
While certain issues such as substrate and product solubility might make it desi- 
rable to have an enzyme that works at extremely high temperatures [45], most 
researchers are more interested in carrying out the reactions at or near ambient 
temperatures. In fact, it is a common misconception that an enzyme which func- 
tions at a high temperature is necessarily going to catalyze a reaction faster than 
its mesophilic counterpart at a lower temperature. Since the thermophilic en- 
zyme evolved at a higher temperature, its optimal temperature is likely to be at 
the higher temperature. In contrast, the optimal catalytic rate is not necessarily 
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Fig. 4. Temperature vs rate plots for an enzyme from an extreme thermophile (ElOO) and from 
a moderate thermophile (E005). The substrate used in these experiments was p-nitrophenyl- 
propionate which was quantitated spectrophotometrically at O.D. 410. The data has been nor- 
malized to maximum activity. ElOO has more thermostability and thermophilicity than E005, 
but does not retain much activity at room temperature 



going to be superior to the mesophilic enzyme’s optimal rate. One sees that en- 
zymes from hyperthermophiles (optimal growth at 85 °C and above) will be 
nearly inactive at room temperature, enzymes from extreme thermophiles 
(optimal growth at approximately 60 - 85 °C) will be slightly more active at room 
temperature, and enzymes from moderate thermophiles (optimal growth at 
approximately 45-65°C) will often have reasonably high activity at room 
temperature. For this reason, screening from the moderate and extreme ther- 
mophiles will often lead to better results than screening from the hyperther- 
mophiles for certain applications. In addition, since the moderate and extreme 
thermophiles are more prevalent, the diversity of enzymes to be found among 
them is also generally greater, although an argument can he made that enzymes 
from hyperthermophiles will, on the whole, he more diverse from moderate and 
extreme thermophiles. Ultimately, a more rewarding approach to extending the 
temperature range of an enzyme is to take a moderately thermophilic (or me- 
sophilic enzyme) and evolve it in vitro to have an increased thermostability, but 
not thermophilicity. We have developed a specialized system to do this in vivo in 
Thermus where selections for thermostability can be implemented [46]. 

Using a new set of screening criteria that called for subjecting the candidates 
to high temperature while performing the assay at low temperature, we were able 
to identify enzymes which were both thermostable and active at room tempera- 
ture. Figure 4 shows a typical optimal activity plot for E005 in comparison to 
ElOO. This class of enzymes retains most of its stability, at least to about 60°C, 
has optimal activities around 40 °C, and retains at least 25% of its full activity at 
room temperature. Similar criteria were put together for developing a new 
library of alcohol dehydrogenases. Again, we tailored the screen to identify en- 
zymes that were active at room temperature, but stable at elevated temperature. 
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4.2 

Choosing Substrates 

As mentioned earlier, the ideal substrate to use in any screen is the actual sub- 
strate of interest but it is often not possible to develop a working assay based on 
the actual substrate. In this case the closer a substrate analog mimics the actual 
substrate, the more likely it is to find an appropriate biocatalyst. When imple- 
menting a hierarchical screen, different substrate analogs have different utilities 
for each level of screening. 



4.2.1 

Hydrolytic Enzyme Substrates 

Scheme 2 lists three classes of general substrate analogs and their useful detec- 
tion ranges for hydrolytic enzymes that we have used to isolate libraries of 
different types of hydrolases (esterases, proteases, lipases, phosphatases, glyco- 
sidases, and sulfatases). These are carboxylic acid, phosphate, or sulfate esters, 
amides and glycosides that contain a detectable probe, and a non-detectable 
moiety with the functionality of interest. The first class of substrate is the indigo- 
genic substrates. This group includes substrates such as 5-bromo-4-chloro-3- 
indoxyl-galactopyranoside (X-gal) which is a classic substrate in the determina- 
tion and quantification of p-galactosidase activity [47-49]. Since these substra- 
tes are precipitable they are ideal for first- level hierarchical plate assays since the 
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Scheme 2. Chromogenic, fluorogenic and precipitable reagents for screening of hydrolases 
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color develops and stays in the vicinity of the colony. The other two classes of 
substrates are both soluble substrates that are useful in second-level screens 
since they are quantitative. The chromogenic substrates based on nitrophenyl or 
nitroaniline can be used in a quantitative spectrophotometric liquid-assay, but 
are generally not useful in plate screens since they diffuse readily and are not 
sensitive enough. The fluorogenic substrates such as those based on umbelli- 
ferone or coumarin are at least one thousand times more sensitive than their 
chromogenic counterparts. Because of the high sensitivity, they can sometimes 
be used in plate assays if the reaction is fast enough and can be detected before 
significant hydrolysis and background appears, but still have their main appli- 
cation in a liquid-phase assay. Many of these substrate derivatives can be 
purchased from sources such as Sigma Chemicals or Biosynth International. In 
some cases we synthesize custom substrates to mimic the actual substrate more 
closely. 

The solubility of the substrate analog can be a problem for quantitative 
studies. As a matter of fact, lipases exhibit better performance with hydrophobic 
substrates. When using analogs the additional hydrophobicity of the substrate 
makes detection more difficult. In these instances we have found the fluorogenic 
derivatives superior to the chromogenic ones, since the nanomolar detection 
requires very little substrate to be solubilized into the buffer, and small amounts 
of organic cosolvent can be used without severely affecting the activity of the 
target enzyme. Another possibility consists of amplification of the color yield of 
chromogenic substrates by coupling the release of the chromogen to an auxiliary 
system. This has been described for detection of enzyme catalyzed amidolysis 
using p-nitroanilides as substrates and p-dimethylaminocinnamaldehyde as a 
coupling agent. The resulting aldehyde forms a Schiff base with high molar 
absorbancy and the micromethod adaptation has been also described [50]. A 
color assay for lipases cleaving fatty acids has been described using Cu salts and 
chromogenic Au [51]. The method is sensitive and has been used in a semi-auto- 
mated manner [52]. Another indirect method of activity detection relies on 
treatment with auxiliary enzymes. This includes luciferase to determine lumines- 
cence by detection of carboxylic acids [53] or the corresponding alcohol moiety 
[54], or with acyl CoA synthetase to form CoA esters which can be detected 
chromogenically by a coupled peroxidase reaction or quantitation of the AMP 
used during the synthetase reaction [55]. 



4.2.2 

NAD(P)H-Alcohol Dehydrogenase Substrates 

Redox reactions such as those catalyzed by alcohol dehydrogenases can be 
monitored colorimetrically. These biocatalysts generally require a cofactor to 
carry out the transfer of hydrogen. By combining the redox reaction with a dye- 
forming reaction, visualization of the conversion becomes possible. This is 
based on the transfer of a hydrogen atom from the reduced form of the coenzyme 
to a suitable dye. This is an indirect test requiring that an auxiliary enzyme or 
synthetic compound be applied. Tetrazolium salts are very useful because they 
can be reduced to formazans, which absorb light in the visible region. The most 
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important advantages are the increase of the color during the reaction and the 
irreversibility of the reaction under biological conditions. The cascade of reac- 
tions leading to visualization is represented in Scheme 3, using phenazine metho- 
sulphate (PMS) as the non-enzymatic transferring agent [56]. The PMS can be 
substituted for an enzyme (diaphorase) or by another agent called Meldola Blue 
(8-dimethylamino-2-benzophenoxazine), which is less sensitive to light and 
even superior to PMS regarding proton rate transfer. 

We have also used p-rosaniline as an alternative to the tetrazolium salts. This 
is even more convenient, since it allows a direct transfer without the need of 
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either chemical or enzymatic transferring agents. The combination of p-rosani- 
line (also called p-fuchsine) with bisulfite converts the dye to the leuco form, 
which is rose-colored. When the oxidation of an alcohol takes place the com- 
bination of the resulting ketone or aldehyde with the p-fuchsin yields a red color 
which makes the identification of the alcohol dehydrogenase activities on agar 
plates possible allowing the rapid screening of thousands of colonies [57]. 

Another alternative is the use of oxygenases, which oxidize the reduced co- 
enzymes and simultaneously incorporate molecular oxygen into the other sub- 
strate that is converted into a dye. The oxygenase reaction can be carried out in 
such a way that H 2 O 2 is produced and determined by a variety of methods. A 
third method to produce color with NAD(P)H consuming enzymes is the reduc- 
tion of nitroso compounds by ADH: the substrate is oxidized, the p-nitrosodime- 
thylaniline is reduced, and the cofactor is recycled between both reactions [58]. 

One of the advantages of the dehydrogenase screens is that even though they 
rely on an indirect detection of the reaction through a linked assay, they are 
based on the reaction with the actual target substrate, thus reducing the number 
of hierarchical screening levels needed to identify an enzyme of interest. For 
example, enzymes can first be identified based on activity against the target 
compound with a linked colorimetric reaction, and then are characterized in a 
second level screening to quantitate traits like stereospecificity and substrate 
ranges. 



4.3 

Isolating and Characterizing Candidates 



4.3.1 

Isolating Candidates 

Using indolyl-based substrate analogs such as 5-bromo-4-chloro-3-indolyl-ace- 
tate, butyrate, or propionate (X-acetate, X-butyrate, and X-propionate) for 
esterases and using the p-rosaniline assay coupled with ethanol, butanol, or pro- 
panol for alcohol dehydrogenases we were able to isolate several hundred can- 
didates in the first level of a hierarchical screen. An intermediate screen was then 
used to characterize and compare the esterase candidates. We used nitrophenyl 
and methyl-umbelliferyl derivatives to analyze esterase candidates and their 
preference for chain length. 

In order to determine if the new enzymes that were isolated met the criteria 
that we had set out with, approximately 20 esterases identified in the first and 
second level screening efforts were characterized. We carried out characteriza- 
tion such as molecular weight, optimal temperature, optimal pH, stereo specifi- 
city, and thermotolerance. Table 3 compares the activities of a representative 
range of the esterases that were selected for activity at room temperatures. As 
can be seen by the data, the enzymes span a wide range of optimal activities. 
Some of the enzymes function well at low pH, some function well at high pH, 
and others have a fairly broad pH range. All enzymes are extremely stable be- 
tween room temperature and at least 40 °C and those that were isolated in room 
temperature assays generally retained at least 25 % of their activity at room tern- 
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Table 3. Useful activity conditions for some ThermoCat esterases 



Biocatalyst 


Temperature (°C) 


pH 




tl/2 (40 °C) 


Optimum 


Useful 


Optimum 


Useful 


EOOl 


45 


RT-55 


7.5 


broad 


_a 


E004 


45 


RT-60 


6.5 


<6.0 -8.0 


_a 


E005 


45 


RT-60 


7.0 


broad 


_a 


E009 


45 


RT-50 


6.5 -7.0 


<6.0 -8.0 


_a 


E012 


45 


RT-60 


<6.0 


<6.0-7.5 


_a 


E014 


45 


RT-50 


7.0 


<6.0-8.0 


_a 


E015 


45 


RT-60 


>9.0 


7.5-9.0 


_a 


E019 


45 


RT-60 


>9.0 


broad 


nd 


ElOO 


>75 


45° -85 


>8.5 


8.0 


_a 


ElOl 


>75 


45° -85 


>8.5 


8.0 


_a 



No discernible decrease in activity over lifetime of experiment. Units defined as pmol/min 
for the hydrolysis of p-nitrophenyl-propionate. 



perature. Many of the enzymes can also tolerate temperatures well above 60°C. 
As expected most, but not all, of the esterases prefer the short-chain alkyl groups 
since they were isolated on those compounds. 

The enantioselectivity of the esterases was examined by monitoring the 
hydrolysis of a racemic ester by chiral HPLC, phenethyl acetate. The enantiomer- 
ic excess achieved was >99% in some cases for the hydrolysis of the S-ester by 
esterases E003, E004, E007, E008, E009, and E013. Similar high ee values were 
observed for the R-ester hydrolysis with E002, E005, and E020 as shown in Table 4. 

In addition, since esterases and lipases are known sometimes to catalyze 
hydrolysis of amide bonds [59, 60], we characterized the enzymes on p-nitro- 
anilide compounds to observe if there was any activity. As shown in Eig. 5, many 
of the enzymes do indeed have activity on these substrates and may be useful in 
amide chemistry as well as the ester reactions mentioned earlier. This is an 



Table 4. Enantioselective hydrolysis of (+)-phenethyl alcohol acetate by ThermoCat esterases 



Enzyme 


ee Alcohol (%) 


ee Ester (%) “ 




94.2 


90.0 




92.8 


95.0 




36.2 


98.8 




95.0 


82.8 




53.8 


99.8 




29.4 


99.0 




87.8 


99.4 


E013 


43.0 


98.2 


E020 


94.8 


42.2 



Substrate: sec-phenyl-ethyl-acetate. 
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Fig. 5. Activity plots for a series of esterases tested against a library of p-nitroanilide (pNA) 
substrates. Many of the enzymes show significant activity against several pNA derivatives. 
These include amino acids such as glycine (Gly), alanine (Ala), valine (Val), Leucine (Leu), 
methionine (Met), phenylalanine (Phe), lysine (Lys), and arginine (Arg) attached alone and in 
combination to the pNA moeity. If a cross-section of the experiment is studied, one can see 
patterns in substrate preference. For example, using substrates with variable length peptide 
chains, some enzymes exhibit preference to single alanine and others show high activity on 
substrates consisting on di- or tripeptides of alanine 
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Table 5. Selectivity of new ThermoCat ADHs 


a 








Strain 


Ethanol 
% rate 


2-Butanol, % rate 




2-Pentanol, % rate 




Jt-isomer 


S-isomer 


Ratio R/S 


R-isomer S-isomer 


Ratio R/S 


AD19 


100% 


15 


92 


0.16 


3 


44 


0.06 


AD30 


100% 


7 


94 


0.07 


1 


17 


0.04 


AD39 


100% 


20 


113 


0.18 


4 


61 


0.07 


AD49a 


100% 


5 


108 


0.05 


2 


21 


0.08 


AD49b 


100% 


73 


118 


0.61 


26 


40 


0.66 


AD55 


100% 


20 


157 


0.13 


3 


53 


0.05 


AD69 


100% 


8 


112 


0.07 


1 


21 


0.04 


AD71 


100% 


44 


219 


0.2 


10 


100 


0.10 


AD98 


100% 


27 


153 


0.17 


4 


70 


0.06 


AD99 


100% 


97 


85 


1.14 


62 


11 


5.91 



“ Based on the % rate of appearance of NADH for the ADH catalyzed oxidation of single iso- 
mers of chiral alcohols. 



example of a semi-quantitative screen that can be carried out in microtiter plate 
format. A library of enzymes can easily be assayed against a library of substrates. 
As shown on the right side of the figure, the data can be parsed to look at spe- 
cific comparisons of interest very easily. For example, as seen in the figure, sub- 
strates with different peptide lengths of alanine attached to the colorimetric 
substrate behave differently. Some enzymes prefer only a single Ala moiety, 
some are not affected by one, two, or three Ala residues, and others show no 
activity at all to the substrate. 

Likewise, once the initial screening of ADHs was performed, we took a closer 
look at the catalytic properties of the new ADH. We selected two secondary al- 
cohols as substrates for the enzymatic oxidation and measured the rate of NADH 
formation for both enantiomers individually, so the enantiodiscrimination of the 
enzyme could be estimated. While this is not a true enantioselectivity value 
since the competition factor between enantiomers has been eliminated by 
making separate reactions for each isomer instead of the racemic mixture, it 
gives an estimate and allows a quick identification of highly selective enzymes. 
Table 5 shows the results of this screening. Most of the enzymes found were 
selective for the S-alcohol isomer, except AD99, which shows reversed selectivity 
towards the i?-alcohol. 



4.3.2 

Stocking the Enzyme Library 

These enzyme libraries represent the beginning of a new set of biocatalyst tools 
for the synthetic chemist and were the first thermostable enzyme libraries 
developed specifically for synthetic chemistry applications in each of these 
chemical classifications. We have since been expanding the esterase and dehy- 
drogenase libraries using a variety of new and diverse substrate compounds. As 
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these new enzymes are verified for their utility they will be added to a growing 
enzyme library, thus expanding the synthetic toolbox. 



4.4 

New Rapid Screening Technologies for Biocatalyst Discovery and Development 

As enzyme libraries grow and high throughput screening methods develop, new 
types of assays which utilize the specific target substrates instead of substrate 
analogs are needed. We have been working on new screening methods that will 
allow for accelerated development of enzymes whether by screening enzyme 
libraries and organism/clone banks, or mutant populations for directed evolution. 

One of the most promising new screening systems is the monitoring of a 
change in pH for hydrolase-catalyzed reactions that produce an acid such as 
esterases. Several research groups including our own have explored this type of 
assay at several levels of sophistication and for screening purposes. Scheme 4 



Hydrolase 

RCOgEt ► RCOg- + H+ 

buffer 

In- + H+ ► InH 

Bromothymol Blue 
Phenol Red 
Neutral Red 



blue yellow 

red yellow 

amber red 

Scheme 4. pH-shift based assays for hydrolase catalyzed reactions 



shows the principle behind the strategy: the acid produced during the course of 
the reaction will cause a drop in pH. This drop can be either large or small 
depending on, among other parameters, the buffer strength. If the buffer is 
chosen to cause a relatively large drop in pH the approach can be used qualita- 
tively by visualizing the change in color if the initial pH and indicator are select- 
ed accordingly. 

We studied a method for monitoring libraries of isolated esterases as a first- 
pass screening approach. The indicator used for this purpose was bromothymol 
blue at pH 7.25, which gives a blue color to begin with. As the reaction goes on 
and the pH drops below 7.0, a yellow color appears, facilitating the identification 
of positives from the library. This drop can be modulated by the buffer strength 
and the amount of enzyme to fit better in a convenient time-window. One of the 
most important features of the enzymes we are working on is their ability to per- 
form stereoselective reactions, e.g., resolutions of racemic mixtures. In this case 
it is crucial to find enzymes with high enantioselectivity (E), a parameter well 
studied by Sih and coworkers [61]. This indicator-aided approach has been used 
in our company to evaluate enantioselectivities by reacting each single isomer 
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separately with the same enzyme in parallel under the same conditions. The 
slow-reacting enantiomer will change the color of the solution slower compared 
to the fast-reacting one. Table 6 shows the results of such screening for three 
non-chiral esters and the evaluation of enantioselectivity for three pairs of 
single isomers. As stated before, the enantioselectivity value provides a rea- 
sonable approximation for screening purposes. In a hierarchical screening 
approach one can then identify the best results for analysis of the racemic mix- 
ture by HPLC or GC. In general, E values below 20 are of little use for the resolu- 
tion of racemic mixtures [62], so only those clear results for the colorimetric 
assay will be considered further, thus minimizing the risk of enantioselectivity 
overrepresentation. 

A quantitative enantioselectivity (E) assay has also been recently set up by 
Kazlauskas and coworkers [63] . They have developed a suitable system by choos- 
ing carefully the pair indicator-buffer so that the kinetics of the color change is 
linear and amenable for the kinetic study using a microplate reader. Despite the 
lack of competitive hydrolysis as explained above, the method is able to tell apart 
values of E < 5, and the sensitivity is ten times higher than the color based assay. 
In this assay, the quantitation relies on extremely small changes of the pH and 
there is no visible color change. The high throughput capability combined with 
the high sensitivity makes this method a good fit for directed evolution studies 
where most mutants (and wild-type isolates) will be active to some extent. 

Indicator-based assays have also been described for the rapid characteriza- 
tion of serine proteases by their esterase activity using a microplate set-up [64]. 
A version of this assay that works for the screening of colonies on agar plates has 
been developed by Bornscheuer et ah, using minimum media and glycerol esters 
of the substrate of interest, so the active colonies grow larger and are easier to 
detect by the color change on the plate [65]. 

5 

Conclusions 

Recent advances in molecular technology have allowed rapid and effective dis- 
covery and characterization of biocatalysts for chemical synthesis applica- 
tions. New methods for screening the creation of diverse enzyme libraries, the 
development of diverse organism and clone banks, and new methods for 
assaying enzymes and evolving proteins of interest are helping to solve the 
challenges of biocatalysis. We have been able to develop a series of diverse 
catalysts that are stable and effective by developing and integrating a variety of 
these technologies using a multidisciplinary approach. Future developments in 
the field promise to make custom bio catalyst identification an attractive and 
cost effective possibility. 
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Useful biocatalysts for organic chemistry can be created by directed evolution. Mutations are 
introduced into genes encoding biocatalyst proteins of interest by error-prone PGR or other 
random mutagenesis methods. The mutated genes can be rearranged by recombinative pro- 
cesses like DNA shuffling, thereby significantly enhancing the efficiency with which genes can 
be evolved. These genes are expressed in suitable microbial hosts leading to the production of 
functional biocatalysts. Selection or screening procedures serve to identify in a large library 
of potential candidates the biocatalyst which possesses the desired properties. Examples 
of applications include subtilisin E with greatly improved catalytic activity and stability in 
organic solvent, an esterase with 50-fold higher activity in organic solvent, and a /1-lactamase 
conferring a 32,000-fold increased antibiotic resistance. Furthermore, directed evolution of a 
bacterial lipase resulted in a significant increase in enantioselectivity, thereby demonstrating the 
enormous potential of this process for organic chemistry. 

Keywords: Directed evolution, Random mutagenesis, DNA shuffling. Biocatalysis, Combinato- 
rial libraries, Enantioselectivity. 
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1 

Introduction: Evolution in the Test Tube 

It has been estimated that more than 80% of all industrial chemical processes 
are based on catalytic reactions [1]. The options available to industrial and aca- 
demic chemists are homogeneous [2] and heterogeneous [3] chemical catalysts 
on the one hand, and biocatalysts [4] on the other. The decision as to which type 
of catalyst should be used in a given situation depends upon a number of factors, 
all of which ultimately relate to economic and ecological aspects, e.g. ease of 
catalyst production, its activity and selectivity, availability of specific building 
blocks, type and amount of solvent, and simplicity of workup. It is therefore not 
possible to provide general rules, although attempts to compare chemical cata- 
lysts with biocatalysts have occasionally been made [5]. In the final analysis the 
user will choose the option that works best in a given case. The number of in- 
dustrial and academic reports concerning the use of enzymes in organic syn- 
thesis has increased dramatically during the last two decades [4]. The reasons 
behind this rapid development include increasing efforts in isolating and testing 
new enzymes, more extensive research in studying the performance of enzymes 
in organic solvents and growing investments in chemical engineering aspects of 
biotechnology. 

The types of enzymes used by organic chemists vary widely and include such 
well-known biocatalysts as lipases, esterases, oxidoreductases, oxinitrilases, 
transferases and aldolases [4]. An example which illustrates the industrial appli- 
cation of a lipase concerns the kinetic resolution of a chiral epoxy ester used as 
the key intermediate in the synthesis of the calcium antagonist Diltiazem, a 
major therapeutic in the treatment of high blood pressure [6] (Fig. 1). In devel- 
oping the industrial process for the production of this drug, many different lipa- 
ses were screened, but only the bacterial lipase from Serratia marescens showed 
both a sufficiently high activity and enantioselectivity. The intermediate is pro- 
duced industrially on a scale of 50 tons/year. 

Although examples of this type are impressive, the use of enzymes is clearly 
restricted due to the typical phenomenon of substrate specificity. Being a pro- 
duct of millions of years of evolution, enzymes did not evolve to be efficient in 
every situation that organic chemists would like them to be. Catalyst activity and 
selectivity are unacceptable for numerous substrates of interest. In other cases 
selectivity may be high, but the process requires solvents and conditions which 
lead to low enzyme stability, activity and/or selectivity. 

Theoretically, a way out of this dilemma is traditional protein engineering 
based on site-directed mutagenesis [7]. In a certain sense this is analogous to 
ligand tuning in homogeneous catalysis [2]. Accordingly, certain methods in 
molecular biology are utilised in order to substitute a specific amino acid for a 
different one at a defined position in the peptide chain of the enzyme, hoping 
that this will improve activity or selectivity (or both). Although this technique 
has been highly useful in studying structure/function relations of enzymes, 
practical applications are not as common as one would like, because in practice 
this form of “design” is even more difficult and laborious than ligand tuning in 
homogeneous catalysis. The practising chemist not only needs detailed infor- 
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Fig. 1. Enzymatic kinetic resolution of an intermediate used in the synthesis of Diltiazem 



mation concerning the three-dimensional structure of the enzyme and the 
mechanism of the catalysed reaction, but also predictive power with respect to 
the proper site of substitution and intuition concerning the optimal choice of 
the amino acid to be inserted [7]. Currently there is no reliable theory upon 
which such decisions can be based. The situation becomes even more difficult if 
more than one amino acid substitution needs to be carried out, which is gener- 
ally the case. 

In the late 1980s and early 1990s molecular biologists began to develop new 
and practical techniques for random mutagenesis [8-10]. It is important to 
remind the reader that mutagenesis is not performed on the enzyme itself, but 
on the gene (DNA segment) which encodes a particular enzyme. According to 
the instructions of a particular gene. Nature uses the 20 natural amino acids at 
its disposal to assemble a specific enzyme [11] (Fig. 2). 

If mutations are randomly introduced into a gene, then, upon expression in a 
suitable bacterial system, mutant enzymes are produced. Thus, it is possible to 
create libraries of mutant enzymes in which the amino acids have been ex- 
changed randomly. Moreover, the frequency of mutation and therefore the size 
of the enzyme library can be controlled in a simple manner [8-10]. By the 
mid-1990s it became obvious that the prospect of obtaining large numbers of 
new and improved enzymes was turning into reality, although the problem of 
identifying the best mutant enzyme in a given library remained to be solved in 
a general way. Irrespective of such challenges, the feasibility of the combinatorial 
principle in the development of biocatalysts was established [8-10, 12, 13]. 

Although such prospects are certainly exciting for organic chemists and other 
scientists in related fields, e. g. environmental chemists interested in enzymatic 
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Fig. 2. Conversion of genetic information from DNA to protein via transcription and trans- 
lation. The sequence of the coding DNA strand consists of nucleotide triplets called codons 
{boxed) each corresponding to an amino acids of the protein 



detoxification of pollutants, the really novel quality in these efforts concerns an 
additional aspect which goes far beyond combinatorial chemistry, namely the 
evolutive process. If the library of enzymes contains a few improved but not yet 
optimal mutants, one or more of these can be identified and used as the starting 
point for the next cycle of mutagenesis and selection or screening, a process that 
can be repeated as often as needed. Thus, any number of generations of mutant 
enzymes can be created. On the basis of sequential cycles of mutation/replica- 
tion/selection (screening), an enzyme having the desired properties can be 
evolved. Thus, what took Nature millions of years to develop for a specific pur- 
pose [14] can now in principle be performed in the test tube within months or 
weeks, namely the creation of an optimal catalyst for a reaction of interest to the 
practising organic chemist. This type of evolutive process requires no know- 
ledge of the three-dimensional structure of the enzyme nor of the mechanism 
of the reaction which it catalyses, yet it is quite unlike a “lottery system” based on 
luck. Indeed, it can be viewed as the most rational way to develop catalysts. A 
particularly intriguing aspect is the prospect of creating enantioselective cata- 
lysts for application in asymmetric synthesis [15]. 

Before going into detail, we briefly address the question of protein sequence 
space, which is in fact huge. Consider, for example, an enzyme composed of 
300 amino acids, which is fairly typical [16]. If all of the 20 natural amino acids 
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were to be completely randomised in the chain, to include all combinations an 
astronomically high number of permutations would result, namely 20^“ en- 
zymes. In contrast, if we restrict ourselves to the smallest possible “surgical 
manipulation”, namely a single amino acid exchange per enzyme molecule, this 
being performed randomly, then 5700 mutants are theoretically possible as cal- 
culated by the following algorithm; 

N=19'“X!/[(X-M)!M!] = 5700 (1) 

where N=number of mutants, M=number of exchanged amino acids per enzyme 
molecules, and X=number of amino acids per enzyme. 

It should be possible to handle this relatively small number of mutant enzymes 
in an efficient assay system. However, it needs to be emphasised that the present 
methods of mutagenesis do not guarantee the creation of all 5700 mutants in a 
given mutagenesis experiment. There are several reasons for this, one being the 
fact that the probability of formation is not identical for all mutants. Relevant to 
the problem of exploring protein sequence space efficiently is the finding that 
only a fraction of the amino acid residues in an enzyme is actually critical for 
function, folding and stability (an insight that was obtained by mutagenesis 
experiments) [17]. In spite of these uncertainties, it is evident that the simplest 
and perhaps most effective strategy would be to choose a low mutation fre- 
quency with formation of small enzyme libraries, hoping that at least a few 
mutants with slightly improved properties would be generated in each genera- 
tion, one or more of which would serve as a template for the next cycle of muta- 
genesis. Indeed, if M = 2 in the above example, the number of mutant enzymes 
N turns out to be about 16 million, which would be difficult to screen. This also 
indicates that the best tactics are to aim for small but significant sequential 
improvements until the desired catalytic properties have evolved. Moreover, the 
combination of various mutagenesis methods offers additional strategic pos- 
sibilities for exploring protein sequence space efficiently [18]. 

The purpose of this review is to summarise the present status of this fascinat- 
ing new area of endeavour, which has been termed “directed evolution” [8-10, 
12, 13]. We begin with a description of the relevant molecular biology methods, 
follow up with typical examples from the field of applications and end with con- 
cluding remarks concerning future prospects. 

2 

Methods for Mutagenesis 

Before specific methods for mutagenesis are discussed in detail, a few general 
remarks are in order. Mutations can be induced by many different methods, 
some of which may best be explained by considering an example; Suppose a gene 
b encoding a biocatalyst protein B consisting of 300 amino acids needs to be 
mutated in order to generate a variant protein B’ which exhibits increased activi- 
ty towards a given substrate. Then the following points should be considered; 

1. If detailed knowledge is available concerning structure-function relationship 
and the specific role of particular amino acid residues, it is feasible to use 
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methods of site-directed mutagenesis. Assuming a catalytic site-residue of pro- 
tein B is known, one could exchange this amino acid against another one pre- 
dicted to result in improved substrate binding. Frequently, a particular amino 
acid residue can be identified as being important for enzymatic activity of the 
biocatalyst. However, it is impossible to predict which of the remaining 19 ami- 
no acids would result in an increased activity. In such a case, saturation muta- 
genesis would be performed resulting in exchange of the existing residue 
against all the remaining 19 amino acids. 

2. If a particular region X of protein B has been identified as being involved in 
enzymatic activity, it might be useful to mutate this region by various techni- 
ques of cassette mutagenesis and to reinsert it into gene b. Subsequent selec- 
tion and/or screening might result in a variant protein B' with an optimised 
region X. 

3. If secondary and tertiary structural data are not available at all, methods of 
directed enzyme evolution should be applied to the gene b with two general 
approaches to be distinguished; (i) non-recombinative methods including 
error-prone PCR on the isolated gene or amplification of the gene in a so-cal- 
led bacterial mutator strain which introduces random mutations, and (ii) 
recombinative methods including DNA-shujfling and staggered extension 
processes which start with multiple mutated or related genes. Usually, large 
libraries of mutated genes are created which must then be searched for the 
desired variant protein B'. At this stage, B' proteins are identified by appro- 
priate screening assays which normally allow one to look at approximately 
10^ mutant proteins, or by genetic selection processes which may allow the 
experimenter to examine 10® individual variants, suggesting an increased 
chance of finding the desired biocatalyst. However, two important points 
must be emphasised: (i) protein B consists of 300 amino acids, making the 
total number of possible mutants 20®“ which is an infinite number for prac- 
tical considerations, and (ii) beneficial mutations occur very rarely, i. e. most 
mutations are deleterious. Therefore, it was suggested to start directed evolu- 
tion experiments with a gene which encodes a protein exhibiting properties 
close to what is searched for [19]. The chance of finding the desired biocata- 
lyst is far better when performing several small steps of evolutive improve- 
ment rather than one large step. 

In the following sections we briefly discuss the biological basis of the most 

important methods of mutagenesis. 



2.1 

Site-Directed Mutagenesis 

A large number of protocols have been established for site-directed mutagene- 
sis [20] allowing one to exchange, insert or delete one or more defined nucleo- 
tides of a given gene, thereby resulting in desired amino acid substitutions. In 
principle, a short oligonucleotide primer is hybridised to a single-stranded DNA 
template of a circular plasmid containing the gene to be mutagenised. The 
oligonucleotide is completely complementary to a region of the template except 
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for the mismatch carrying the mutation. The oligonucleotide primer is extended 
by DNA polymerase and the DNA fragment cloned and expressed in E. coli [21 ] . 
The most widely used mutagenesis protocols use PCR with mutagenic oligo- 
nucleotide primers. The principle of the popular overlap extension PCR [22] is 
schematically outlined in Fig. 3. 

Two DNA fragments are separately amplified from a target gene using a 
matching and a mutant primer each. The resulting two DNA fragments share a 
small overlapping region which contains the same mutation in each strand. 
These strands are now mixed, melted and reannealed so that the two strands 
carrying the mutation can now act as primers on one another. In a final step, the 
full-length mutant DNA molecules are synthesised by DNA polymerase. Recently, 
we have developed a variation of this method eliminating the second PCR-ampli- 
fication step which was therefore named one-step overlap extension PCR [23]. 
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Fig. 3. Mutagenesis by overlap extension PCR [22]. PCR products are shown as two paired 
strands, primers are shown as horizontal arrows, and mutations in primers and products as 
black dots 



2.2 

Saturation Mutagenesis 

Saturation mutagenesis is a generalised term pertaining to the substitution or 
insertion of codons encoding all possible amino acids at any predetermined 
position in a gene. A straightforward strategy is the application of a site-directed 
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mutagenesis method for introducing the nucleotide exchanges necessary to 
obtain all the desired codons. However, a set of mutagenic oligonucleotide 
primers is needed and all of the resulting mutagenised DNAs have to be 
sequenced in order to confirm the presence of the mutations. One of the avail- 
able methods named codon cassette mutagenesis [24] uses a set of eleven muta- 
genic codon cassettes. The target gene is cleaved with a restriction endo- 
nuclease which generates blunt ends at an appropriate position. The mutagenic 
cassettes are inserted at these positions and positive clones are identified by 
restriction analysis and DNA sequencing. Upon digestion of the target DNA 
with an appropriate restriction enzyme, three base-cohesive ends are formed 
representing the mutagenic codon which result in recircularisation of the 
plasmid. Another method which is easy to perform uses PGR [25] to introduce 
site-directed mutations. In this particular case, oligonucleotide primers 
degenerated at one codon position are used which are synthesised employing 
equimolar concentrations of nucleoside phosphoramidites dA, dC, dG, and dT. 
This allows the formation of any of the existing 64 codons. However, the redun- 
dancy of the genetic code implies that six different codons encode the same 
amino acid arginine whereas methionine is encoded by one or phenylalanine is 
encoded by two codons. 

Furthermore, some base exchanges result in so-called silent mutations which 
do not cause amino acid exchanges in the enzyme. In addition, nonsense codons 
also occur which usually result in termination of translation. 



2.3 

Cassette Mutagenesis 

In this method a gene segment to be replaced by combinatorial cassette muta- 
genesis (CCM) [26] is first identified on the basis of existing three-dimensional 
structural information. A cassette is defined as a DNA-fragment consisting of 
three up to several hundred nucleotides encoding one up to several hundred 
amino acids. CCM uses oligonucleotides containing randomised codons as 
mutagenic cassettes which are introduced into a gene of interest by PCR- 
methods. The next step consists of screening or selection for the desired variant. 
An elegant example of this type was recently described [27] with the enzyme 
chorismate mutase (CM) of E. coli which catalyses the formation of prephenate, a 
biosynthesis precursor of the aromatic amino acids L-tyrosine and L-phenyl- 
alanine. The homodimeric CM was transformed into an enzymatically active 
monomeric form by insertion of a six-residue interhelical turn which was opti- 
mised by directed evolution. Selection was performed by growing the bacteria in 
minimal medium lacking the aromatic amino acids tyrosine and phenylalanine. 
Other examples of structure-based evolutionary protein design relate to the 
optimisation of binding of antibody fragments to particular ligands or probing 
and improving enzyme active sites [28]. An interesting extension of the method 
described above is called combinatorial multiple cassette mutagenesis and allows 
the creation of a mutant library in which each of the multiple cassettes contains 
a mixture of wild-type and randomised sequences; this results in a complete 
permutation of all wild-type and mutant cassettes [29]. 
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2.4 

Directed Enzyme Evolution by Non-Recombinative Methods 

The powerful new technique of directed enzyme evolution aims at mimicking 
the process of enzyme improvement by natural evolution, differing in two major 
aspects: (i) researchers define the properties to be optimised, and (ii) the evolu- 
tive process takes place in a relatively short period of time (weeks to months). 
Generally, the process of directed evolution consists of the following reiterative 
steps: (1) creation of a library consisting of mutated genes, (2) functional expres- 
sion of these genes in suitable hosts, and (3) identification of enzyme variants 
with improved properties by selection or screening. In the following sections we 
first discuss non-recombinative and recombinative methods needed for the 
creation of mutant libraries of enzymes. Selected examples for gene expression 
systems are then presented. 

2.4.1 

Error-Prone PCR 

A PCR reaction is normally carried out in order to amplify any given DNA with 
high fidelity. The intrinsic 3' ^ 5' exonuclease activity (also called proof- 
reading activity) of DNA polymerases ensures that DNA amplification proceeds 
in an accurate manner. A standard PCR protocol reads as follows: 1.5 mmol 1“^ 
MgCl 2 , 50 mmol 1“^ KCl, 10 mmol 1“^ Tris-HCl, pH 8.3, 0.2 mmol 1“^ each of 
dNTP’s, 0.3 pmol 1“^ of each primer, and 2.5 units of thermostable DNA poly- 
merase in a total volume of 100 pi. This reaction mixture is incubated for 30 PCR 
cycles consisting of 1 min at 94°C, 1 min at 45 °C, and 1 min at 72 °C in a thermal 
cycler. Occasionally, wrong nucleotides are incorporated during amplification, 
leading to mutations with a frequency of 0.1-2 x 10“^ per nucleotide for the 
thermostable DNA polymerase from Thermus aquaticus (Taq-polymerase) [30]. 
This very small error rate can be increased to 7 x 10“^ per nucleotide by: (1) 
increasing the concentration of MgCl 2 to 7 mmol 1“^ (2) addition of 0.5 mmol 1“^ 
MnCl 2 , (3) increasing the concentration of dCTP and dTTP to 1 mmol 1“^ and 
(4) increasing the amount of Taq polymerase to 5 units [31]. For the purpose of 
directed enzyme evolution, these conditions should be modified so as to achieve 
an average mutation frequency of one to two nucleotide exchanges per gene, 
leading to an average exchange of one amino acid per mutant enzyme. Such con- 
ditions will typically result in a mutant library having a screenable size (e.g. 5700 
mutants for a protein consisting of 300 amino acids; see above). 

2.4.2 

Bacterial Mutator Strains 

Wild-type Escherichia coli strains exhibit a spontaneous mutation frequency of 
about 2.5 X 10“^ mutations per 1000 nucleotides of DNA propagated on a pBlue- 
script-like plasmid after 30 generations of growth. Strains which contain muta- 
tions in various DNA repair pathways show a considerable increase in the spon- 
taneous mutation rate which is 5- to 100-fold higher than that of a wild-type 
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Strain [32]. Recently, an E. coli strain named XLl-Red was constructed and 
made commercially available (Stratagene, La Jolla, USA); it contains mutations 
in three independent DNA repair pathways, thereby exhibiting a spontaneous 
mutation frequency of about 0.5 mutations per 1000 nucleotides of DNA under 
the conditions described above [33]. In order to generate a mutant library, a 
gene encoding a biocatalyst protein can be cloned into an appropriate plasmid, 
transformed into E. coli XLl-Red and the strain grown overnight. However, 
if the target DNA is of small size (< 100 bp) or if multiple mutations are re- 
quired, the number of generations needed for propagation of the plasmid DNA 
will become impractically high. In addition, due to the lack of DNA repair 
pathways, the strain is fairly unstable and cannot be propagated for prolonged 
periods [34]. 



2.5 

Directed Enzyme Evolution by Recombinative Methods 

Recombination in a genetic sense means the breaking and rejoining of DNA in 
new combinations. The genetic information associated with one DNA molecule 
may become associated with a different DNA molecule, or the order of genetic 
information on a DNA molecule may be altered. This process is very important 
for all living species because it significantly speeds up the process of evolution. 
Inside a living cell, hoth homologous recombination (occurring between iden- 
tical or very similar DNA sequences) and non-homologous recombination 
(occurring between distinct DNA sequences) require the presence of a set of 
recombination enzymes ensuring breakage and rejoining of DNA molecules. 
Various approaches have been developed to mimic Nature’s recombination 
strategy in the test tube. 



2.5.1 

DNA-Shuffling 

The most prominent novel method emphasizing recombination in DNA 
shuffling [10, 35] (Fig. 4). One or more closely related genes are digested with 
DNasel to yield double-stranded oligonucleotide fragments of 10-50 bp which 
are purified and used in a PCR-like reaction. Repeated cycles of strand separa- 
tion and reannealing in the presence of DNA polymerase and a final PCR-ampli- 
fication step result in reassembling of a full-length gene. Recombination occurs 
by template switching, i.e. fragments from one copy of the gene prime on 
another copy. The combination of this technique with those described above 
to introduce point mutations at a low and controlled rate [36] allows the simul- 
taneous permutation of both single mutations and large blocks of DNA se- 
quences. Mutants with improved properties can be identified and the genes 
can then be reshuffled against each other or against the wild-type gene which 
would correspond to the backcross-technique known from classical genetics. 
This process may eventually lead to an elimination of neutral and deleterious 
mutations from the gene pool. DNA shuffling can be performed with mutants 
of the same gene, but also with homologous genes from different species 
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Fig.4. DNA shuffling method [10, 35]. Related genes with different beneficial mutations {black 
dots) are randomly fragmented with DNasel. During reassembly of fragments recombina- 
tion occurs yielding in progeny genes with improved positive mutations which can serve as 
starting points for another round of mutation and recombination 



(called family shuffling) which results in sparse sampling of a large sequence 
space, thereby significantly accelerating the rate of functional enzyme improve- 
ment [37]. The enormous potential of this novel technique to evolve both single 
genes encoding jS-lactamase, jS-galactosidase, green-fluorescent protein, alkyl 
transferase, benzyl esterase, and t-RNA synthetase or whole operons encoding 
enzymes for arsenate- or atrazine degradation has been demonstrated [38]. 
Selected examples will be discussed below in more detail (Sect. 3.1). 
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2.5.2 

Staggered Extension Process 

A simple and efficient new method for in vitro mutagenesis and recombination 
is based on a staggered PCR-like reaction [39]. One defined primer is added to 
the template DNA which may consist of two or more genes. An extremely abbre- 
viated primer extension reaction catalysed by DNA polymerase then produces 
short DNA fragments which can anneal to different templates and are further 
extended during the next short cycle of primer extension. This process is re- 
peated until full-length genes are formed which can finally be amplified in a 
conventional PCR reaction using external primers. 

Another alternative to DNA shuffling is called random-priming recombina- 
tion (RPR) [40]. Random primers are used to generate short DNA fragments 
(50-500 bases) complementary to different segments of a target DNA. In the 
next step, these fragments which also carry mutations due to mispriming and 
base misincorp oration can prime one another, resulting in recombination 
during reassembly to full-length genes which is carried out by repeated 
thermocycling in the presence of a thermostable DNA polymerase. The authors 
claim that this method has advantages over DNA shuffling in that it uses single 
stranded templates including m-RNA and, at least in principle, every nucleotide 
of the template DNA should be mutated at a similar frequency [40] . 



2.6 

Gene Expression Systems 

Directed evolution of bio catalysts requires the functional expression in a suitable 
host organism of the biocatalyst genes to be tested as a necessary prerequisite to 
successfully identifying an enzyme variant with improved properties [41]. 
Today, most of the genes optimised by directed evolution are expressed in E. coli 
which is still the most frequently used prokaryotic expression host for heterolo- 
gous proteins. The gene of interest is cloned into an appropriate plasmid behind 
a promoter which allows a tight control of gene expression, i. e. induction as well 
as repression of transcription. Examples include the promoters lac, tac, and 
T7-lac which can be induced by addition of synthetic chemicals (isopropyl- 
jS-D-thiogalactopyranoside) and regulated by appropriate repressors (lacl*^). A 
number of additional factors including transcriptional terminators, elements 
affecting translation, and codon usage have to be controlled to ensure optimal 
expression levels [42]. Many of the biocatalysts used in organic chemistry 
belong to the group of secreted enzymes with lipases being the most prominent 
examples. At least in some cases it was demonstrated that expression of a lipase 
gene is not sufficient to obtain enzymatically active protein. Indeed, the process 
of protein secretion is also required to ensure correct folding into an enzyma- 
tically active conformation. This is the reason why a biocatalyst protein originat- 
ing from P. aeruginosa will exhibit very low activity or remain enzymatically 
inactive upon overexpression in E. coli [43]. Some of the protein secretion 
mechanisms are highly specific processes involving up to 25 different proteins 
and normally work only in the homologous host. Extensive engineering of host 





Superior Biocatalysts by Directed Evolution 



43 



bacteria will be necessary to construct appropriate “secretor” strains which may 
also contain additional folding catalysts [44] . 

Other bacterial expression hosts are Gram-positive bacteria belonging to the 
genera Bacillus, Clostridium, Lactococcus and Staphylococcus. These bacteria 
have a cellular architecture different from E. coli in that they contain only one 
instead of two membranes allowing for direct secretion of proteins into the 
fermentation medium. Important characteristics of expression systems working 
in these organisms and their control as well as new developments have recently 
been reviewed [45]. Methylotrophic yeasts such as Hansenula polymorpha and 
Pichia pastoris represent eukaryotic expression hosts of emerging importance. 
They have been used to express enzymes including plant a-amylases and bac- 
terial p-galactosidases [46]. In summary, it should be emphasised that the choice 
of an appropriate expression system is a prerequisite in the design of a successful 
strategy for directed evolution of a biocatalyst. 



2.7 

Selection and Screening 

Large libraries of up to 10^° mutant genes can easily be created by using one of the 
methods described above. Therefore, the development of appropriate search 
systems is of key importance to the whole process of directed enzyme evolution. 
Novel strategies of selection and screening have recently been reviewed [28, 47, 
48] , although there is a need to develop further methods for most real applications. 
The terms “selection” and “screening” are often mistakenly used. We therefore 
reiterate the proper definitions. Screening is the process of identifying a desired 
member of a library in the presence of all other members. If selection is applied 
only the desired member of a library appears, e.g. as a viable microbial clone. This 
so-called in vivo selection is usually very efficient in that it allows only those 
microorganisms to grow which express a gene encoding a particular enzyme 
necessary to survive. However, it can be tedious to develop such a selection system, 
because microbial cells are extremely versatile with respect to circumventing 
restrictions imposed by a certain selection system. In vitro selection by phage 
display [48] is a powerful approach to identify peptide ligands and receptors 
which are displayed on the surface of a bacteriophage [48b]. Those phages dis- 
playing the desired peptide can be selected from a phage library by “biopanning”, 
i. e. binding to a ligand immobilised on appropriate column matrices or microti- 
ter plates. Phages with high affinity for the ligand can be enriched, amplified and 
further characterised. Efficient screening procedures have to handle every single 
member of a given library which usually requires automation. Reactions which 
take place in microtiter plates allowing for spectrophotometric detection of the 
products are still the method of choice in the development of high-throughput 
screening methods. A thermographic method was recently developed to detect 
the black-body radiation produced by the reaction of (R)- and (S)-configured 
enantiomers of a chiral alcohol. The substrate was acylated by an enantioselective 
lipase in a microtiter plate and the reaction was monitored in a time-resolved 
manner by using an IR-camera [49]. It remains to be seen if this method can be 
refined to allow quantification of enzyme activities and enantioselectivities. 
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3 

Applications of Directed Evolution Methods 



3.1 

Enzymes with Higher Stability and Activity 

When using enzymes as catalysts in organic synthesis it is important to consider 
enzyme stability, even if the reaction to be catalysed occurs in an aqueous medi- 
um which may be similar to in vivo conditions. Moreover, the actual conditions 
under which enzymes are employed as catalysts in organic transformations 
often differ considerably from the natural environment, which means that the 
question of stability becomes even more important [4] . The necessity to perform 
reactions at higher temperatures and/or in a non-aqueous medium requires 
increased thermostability and/or sufficient stability and activity in organic 
solvents. Although several approaches to increasing enzyme thermostability 
have been described, none are completely general. These include certain types of 
enzyme immobilisation [50, 51], the formation of cross-linked enzyme crystals 
[52], and chemical modification by the introduction of disulfide bonds, salt 
bridges or chemical cross-links in the enzyme [13, 53]. 

An alternative to these approaches is traditional protein engineering based 
on the use of site-directed mutagenesis [7]. Many examples outlining the use of 
this technique to obtain enzymes with higher thermostability and activity have 
been described. Enhanced thermostability is based on improved electrostatic, 
hydrophobic and hydrogen bonding interactions and on the introduction of 
disulfide bonds, which means that, inter alia, an intimate knowledge of the three- 
dimensional structure of the enzyme is required. A case in point is the attempt 
to increase the thermostability and activity of subtilisin BPN’, a catalytic ester- 
ase used by organic chemists in the synthesis of peptides, regioselective acylation 
of carbohydrates and enantioselective transformation of chiral alcohols, acids 
and amines [54]. Following six site-specific mutations, a subtilisin mutant 
(8350) was obtained which was found to be 100 times more stable than the wild- 
type enzyme in aqueous solution at room temperature and 50 times more stable 
than the wild-type in anhydrous dimethylformamide. This extensive and suc- 
cessful study included X-ray crystal structures of the wild-type enzyme and of 
the engineered mutant, which allowed conclusions regarding structure, stability 
and activity [54]. 

Although higher temperatures were actually not tested in the above example, 
increasing the temperature in a given reaction may be necessary in actual in- 
dustrial or academic applications due to higher rates, increased substrate 
solubility and decreased viscosity of the medium. Thermostability is often 
correlated with the melting temperature (T^,) of the enzyme. Using early and/or 
more recent techniques of random mutagenesis, a number of authors have 
shown that single beneficial mutations increase T„, of an enzyme by 1-2°C, 
although larger changes are sometimes possible [19, 41, 55, 56]. 

A strategy that was first introduced in early mutagenesis experiments allows 
in some cases the direct identification of thermally stable mutants [57]. It is 
based on biological selection rather than screening for activity or selectivity. 
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which means that the method is restricted to functional enzymes which are 
necessary for the survival and growth of the respective host. For example, the 
gene coding for a given enzyme from a mesophilic organism was cloned and 
introduced into a thermophile, e.g. Bacillus stearothermophilus, and selection 
for increased enzymatic activity was then performed on the basis of the growth 
rate of the host organism at higher temperatures [57]. This technique was 
applied to kanamycin nucleotidyltransferase (KNTase), an enzyme which con- 
fers resistance to the antibiotic kanamycin. Variants of this enzyme displaying 
kanamycin resistance at 63 °C were produced by two sequential rounds of muta- 
genesis resulting in two amino acid substitutions. Although related strategies 
have been reported for other model systems [19, 41, 55, 56], it is currently not 
clear how general these are. Although biological selection is elegant, many enzy- 
matic systems of interest to organic chemists may not be amenable to this 
technique. The only other detection method is screening [15, 49, 58, 59]. 

An early example of in vitro evolution based on error-prone PCR concerns an 
attempt to enhance the catalytic activity of subtilisin E (an enzyme composed of 
275 amino acids) in a model reaction carried out in polar organic medium [12]. 
It was of interest to see if enzyme activity in the hydrolysis of a short peptide 
suc-Ala-Ala-Pro-Pro-p-nitroanilide (sAAPF-pna) in mixtures of H 2 O/DMF 
could be improved; 

HjO 

suc-Ala-Ala-Pro-Pro-p-nitroanilide > components 

mutant subtilisin E 

In doing so, a randomly mutated mini-DNA library of subtilisin E was first cre- 
ated by inserting a PCR-amplified gene fragment into B. subtilis expression vec- 
tor pKWC [12]. The mutant bacteria were first blotted on a nitrocellulose filter 
and transferred to DMF-containing agar plates without damaging the B. subtilis 
host. A relatively crude screening system was developed on these plates con- 
taining DMF and casein (a milk protein). The latter was used for the purpose of 
detecting positive mutants. Enhanced hydrolytic activity was identified by 
simple visual discrimination of halos produced around individual colonies on 
the agar plates containing casein. A total number of 300 B. subtilis clones were 
produced, and of these 72% showed visible halos. Twenty-seven clones which 
produced halos larger than that of the wild-type were scrutinised more closely 
for proteolytic activity on the specific substrate sAAPF-pna. One mutant exhibi- 
ted significantly higher activity than the wild-type enzyme in both aqueous buf- 
fer and in the presence of 10% DMF. DNA sequencing revealed a substitution at 
nucleotide position 762 (A by G), which means that at amino acid position 103 
of the wild-type enzyme glutamine was replaced by arginine. Another base sub- 
stitution in the coding region led to a “silent” mutation (replacement of A by C), 
producing no change in the amino acid sequence. The corresponding gene was 
then used as the template for a second round of mutagenesis by error-prone 
PCR. The resulting variants were screened by the same procedure, leading to the 
identification of a new mutant exhibiting similar activity in aqueous buffer, but 
higher activity in the presence of DMF. Specifically, it turned out to be 38 times 
more active than wild- type subtilisin E in 85% DMF. Sequencing of the gene 
showed that an aspartate to asparagine substitution had occurred at position 60 
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of the enzyme. Although the information obtained by sequencing was not 
actually exploited in the efforts to generate higher enzyme activity, it was of in- 
terest with respect to structure/activity relations. Indeed, the substitutions are 
located near the substrate binding pocket or near the active site. However, one 
should not draw the general conclusion that positive mutants are always the 
result of amino acid substitutions near the active site of an enzyme. Indeed, 
many examples are now known in which such substitutions occur on the surface 
of the enzyme [19, 41, 55]. Importantly, this even applies to mutant enzymes 
displaying enhanced enantioselectivity, an observation that is of substantial 
theoretical interest [18] (cf. Sect. 3.2). 

In a follow-up study more extensive mutagenesis experiments were perform- 
ed [60]. Following each mutagenesis and screening step, the mutant producing 
the largest halo on the DMF/casein plates was isolated and used in the next 
random mutagenesis reaction. Starting with a mutant containing four effective 
amino acid substitutions produced by random mutagenesis, six additional 
mutations were brought about during three further sequential rounds of muta- 
genesis screening, a process which generated about 4000 colonies (mutants). The 
best mutant (PC3) was found to hydrolyse the model peptide substrate sAAPM- 
pna about 256 times more efficiently than wild-type subtilisin E in 60% DMF, 
i. e.k(-at/Kn,= 256. In 85% DMF a value of k(-at/Km= 131 was determined. The wild- 
type subtilisin E and several of the mutants were also tested as catalysts in the 
synthesis of poly(L-methionine) from L-methionine methyl ester in 70% DME 
(Eig. 5). Whereas under these conditions the wild-type enzyme produced no 
detectable amount of polymer, the PC3 mutant led to significant amounts of 
product. 



HgN 

>-C02CH3 

CH3SCH2CH2 



mutant 
subtilisin E 



poly(L-methionine) 



Fig. 5. Polymerizing amide formation catalyzed by mutant subtilisin E 



Even more active subtilisin mutants were obtained upon further rounds of 
mutagenesis [60]. The finarproduct’was an enzyme that is 500-fold more active 
in 60% DMF than the wild-type subtilisin E. The overall process needed to 
accomplish this impressive result involved about 10.000 mutants, all of which 
were screened. 

Although the success of these studies cannot and need not be disputed, the 
simple screening system actually used in the identification of the best mutants 
is based on the assumption that enzyme activity in casein hydrolysis parallels 
activity in the model reaction(s). However, screening is more precise and effi- 
cient if performed directly on the substrate of interest. This was accomplished in 
subsequent studies using other substrates. One such substrate concerns a cepha- 
losporin-derived antibiotic [61]. During the synthesis of certain derivatives 
required in the synthetic sequence leading to the final drug, p-nitrobenzyl alco- 
hol (pNB-OH) is routinely used to protect carboxylic acid functionality. Large 
amounts of zinc salts are employed in the final deprotection step [62]. In order 
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to develop an economically attractive alternative, the possibility of enzymatic 
deprotection based on an esterase was explored [62] (Fig. 6). 

Extensive searching of microorganisms led to the identification of “p-nitro- 
benzyl esterase” (p-NB esterase) from B. subtilis, which resulted in high yields of 
product in the deprotection step [62]. Nevertheless, the rate of the reaction was 
too slow, among other factors, to compete effectively with the traditional chemi- 
cal method of deprotection. 

Therefore, an attractive goal was to create a more active pNB esterase by 
directed evolution. Since the protected form of the antibiotic is poorly soluble in 
water, it was clear that the mutant enzyme would need to function well in a polar 
organic solvent. Unfortunately, the pNB esterase is very sensitive to organic sol- 
vents. Since the wild-type esterase is not secreted by the E. coli cells in which it 
is produced, the screening strategy used in the previous evolutionary experi- 
ments with subtilisin E could not be applied. A colorimetric signal detected by 
UV-visible spectroscopy would be ideal, since such techniques are well-known 
in biochemistry and combinatorial chemistry [63]. However, starting material 
and products (Eig. 6) do not differ significantly in their absorption properties. 
Thus, a compromise was made in that the analogous p-nitrophenol ester was 
prepared and used in the screening system, hoping that positive mutants would 
also be effective in the hydrolysis of the actual substrate employed in the in- 
dustrial process (Eig. 7) [61]. In doing so, a commercially available microtiter 
plate with 96 wells was used,p-nitrophenol being the compound detected on the 
basis of its UV-visible absorption band. 

In the first round of mutagenesis about 1000 colonies were produced and 
screened for activity on the p-NPA substrate in 20% DME About 33 mutants 
appeared to be better than the wild-type and of these the 3 best were studied 
more closely. Only one of them showed a higher total activity than the wild-type 




Fig. 6. Desired enzymatic deprotection of a cephalosporin derivative (loracarbef nucleus- 
p-nitrobenzyl ester) 




Fig. 7. Deprotective hydrolysis of a model substrate generating p-nitrophenol 
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on the actual p-NB substrate. The gene corresponding to this mutant was then 
used as the starting point for the second cycle mutagenesis in which 
2800 mutants were studied. A third and a fourth generation of mutants (1500 
and 7400 members respectively) were then produced and screened on the p-NP 
substrate. Sixty-four positive clones were tested on the actual p-NB substrate. 
Five of the mutants showed significant increases in activity. The best variant 
(4-54B9) displayed a 15-fold activity enhancement over the wild-type [61]. 

Further dramatic improvements were achieved upon applying DNA-shuffling 
to the genes of the five best mutants [64]. They were collected in the test tube and 
fragmented with an enzyme that cuts the DNA randomly (Sect. 2.5.1). Following 
reassembly the combined genes were inserted back into the plasmid and expres- 
sed in E. coli. Only 400 colonies were screened, resulting in the identification of 
8 mutants showing significantly enhanced performance relative to the 5 imme- 
diate parents. The total activity of the best mutant was measured to be more than 
50 times as high as that of the wild-type enzyme. It is interesting to note that the 
“yield” of positive mutants in the DNA shuffling experiments is about 20-fold 
higher than that obtained by screening the mutants with point mutations which 
were generated by error-prone PCR. Thus, DNA shuffling can enhance the effi- 
ciency of directed evolution by making use of the information present in mutant 
genes resulting from error-prone PCR. In this thorough study, the information 
obtained by sequencing was discussed in detail [64]. In contrast to the subtilisin 
case [60], none of the amino acid substitutions occur in segments of the esterase 
in which interaction with the bound substrate is predicted. It is therefore clear 
that application of site-directed mutagenesis would have been much more labo- 
rious, success being less than certain. 

The principle of DNA shuffling in the evolution of improved enzymes was 
first illustrated in a seminal paper in 1994 [10]. To organic chemists this publi- 
cation might appear to be of little relevance, but in fact it has ramifications for 
organic chemistry as well. In this paper a model study relating to p-lactamase is 
presented. This enzyme was known to be a somewhat inefficient catalyst in the 
hydrolysis of the antibiotic cefotaxime, which has a minimum inhibitory con- 
centrations (MIC) of only 0.02 pg ml“^ for E. coli containing the TEM-1 jS-lacta- 
mase expressed from the vector p 1 82Sfi. The TEM- 1 gene of the p-lactamase was 
first split into small random fragments with DNasel. Recombination as describ- 
ed above (Sect. 2.5.1) followed by cloning into the relevant vector produced a 
library of mutant enzymes which were subjected to selection on cefotaxime [ 10] . 
This method resulted in a point mutagenesis rate of 0.7 %, similar to the control 
experiments based on error-prone PCR. Shuffling was repeated in three succes- 
sive rounds. After each round mutants with improved resistance were selected 
by plating on increasing levels of cefotaxime. Several colonies from the third 
round had MIC-values of about 320 pg ml“^ demonstrating the efficiency of 
DNA shuffling. An even more efficient mutant resulting in an MIC value of 
640 pg ml“^ was produced by backcrossing; an improved gene was shuffled for 
two rounds in the presence of a 40-fold excess of wild-type DNA fragments. 
Experiments based solely on error-prone PCR were also reported, resulting in a 
MIC of only 0.32 pg ml“^ after three selection cycles [10]. Cassette mutagenesis, 
while successful, likewise turned out to be less effective in this case [10]. 
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The potential application of DNA shuffling in environmental chemistry [65] 
(enzymatic degradation of pollutants) was illustrated in a study concerning the 
molecular evolution of an arsenate detoxification pathway [66]. Accordingly, the 
activity of arsenate reductase was increased 40-fold. The detection method was 
again based on a crude but effective biological selection test, not on enzyme 
screening. Specifically, culture turbidity as measured in Klett units was recorded 
as a function of arsenate concentration [66]. Although the usefulness of the final 
product of DNA shuffling was not demonstrated in a real application [66], it is 
likely that the method will have a significant impact on environmental biotech- 
nology [65] . Indeed, the task of selecting genes for a given purpose will be easier 
in the future due to the increasing availability of relevant information on micro- 
bial catabolic reactions, e. g., on the World Wide Web [67] . An example is the Uni- 
versity of Minnesota Biocatalysis/Biodegradation Database [68]. 

DNA shuffling has also been applied in other systems [35, 37, 69], e.g. in 
improving whole cell fluorescence by the green fluorescent protein (GFP) [70]. 
This protein is often employed as a reporter for gene expression and regulation 
and is therefore of importance in developmental and cell biology, drug screening 
and diagnostic assays [71]. In this particular study the improved variants were 
identified by simple visual screening based on intrinsic fluorescence of the 
mutant proteins under UV illumination [70]. Essentially the same screening 
system was also used in related investigations directed towards improving the 
properties of GFP, including suppressed thermosensitivity [72]. In these studies 
error-prone PGR or combinatorial mutagenesis was used. It is also interesting to 
note that DNA shuffling has been reported to be successful in the evolution of a 
fucosidase from a galactosidase [69b]. 

A number of other reports concerning in vitro evolution of enzymes have 
appeared [56, 73], but again application in organic synthesis was seldom the 
goal. The same applies to studies based on cassette mutagenesis [74]. Neverthe- 
less, these studies are important in other respects, e.g. in the development of 
methods which may actually be of direct or indirect use to organic chemists. The 
StEP-method of mutagenesis has been applied successfully in the evolution of an 
esterase [39]. 



3.2 

Enzymes with Improved Enantioselectivity 

As outlined in the Introduction (Sect. I), enantioselective enzymes offer genuine 
opportunities to organic chemists, the major problem being the low degrees of 
enantioselectivity in many specific cases of interest [4] . Of course, the alterna- 
tive is homogeneous transition metal catalysis [2, 5, 75] , but this option is also in 
no way general. Principally, in vitro evolution of enantioselective biocatalysts 
constitutes a potential way out of the dilemma, at least for those reaction types 
which are known to be catalysed by enzymes. Nevertheless, the challenge in- 
volved is particularly difficult, because enantioselectivity is not a simple para- 
meter to deal with, especially if high levels are striven for. Moreover, at the time 
when chemists began to apply in vitro evolution to the creation of enantioselec- 
tive biocatalysts, there were no screening systems available. Certainly, the first 
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law of in vitro evolution of enzymes, “you get what you screen for” [19,41,55,58] 
applies all the more to enantioselectivity [76]. It is a painful reminder that a 
great deal of research in this particular area of analytical chemistry is necessary 
before significant advances in actually obtaining enantioselective enzymes can 
be expected. 

In a classical study the lipase-catalysed enantioselective hydrolysis of racemic 
p-nitrophenyl-2-methyldecanoate was chosen as the test reaction [15] (Fig. 8). 
The p-nitrophenyl ester was employed in the kinetic resolution instead of the 
methyl or ethyl ester, in order to make screening possible [76] (see below). The 
lipase from the bacterium Pseudomonas aeruginosa PAOl [77] was used as the 
enzyme [15]. The wild- type enzyme shows an enantioselectivity ( ee) of only 2% 
in favour of the (S)-configured 2-methyldecanoic acid, which means that the 
enzyme had essentially no preference for either of the enantiomeric forms. 

The enzyme in its mature form is composed of 285 amino acids [77]. Upon 
applying the algorithm described in Sect. 1, it can be calculated that the number 
of mutant lipases in which one amino acid per enzyme molecule is substituted 
by one of the remaining 19 amino acids is 5415 [15]. It was of great interest to see 
whether such small libraries (or even smaller ones) would contain lipases with 
significantly improved enantioselectivity in the model reaction [15, 18, 43, 76]. 

The lipase gene consisting of 933 base pairs was subjected to random muta- 
genesis using error-prone PCR [15]. In doing so, a relatively low mutation 
frequency was chosen so that statistically only one to two base substitutions per 
lipase gene were introduced. The mutated genes were then ligated into a suitable 
expression vector, amplified in E. coli and transformed into P. aeruginosa. There- 
after, the bacterial colonies (clones) were removed individually from the agar 
plates using toothpicks and grown in the wells of microtiter plates containing 
nutrient broth. This process turned out to be the slow step in the overall screen- 
ing system and was therefore later automated. In the first cycle of mutagenesis 
about one thousand such colonies were harvested [15]. In order to screen these 
potential catalysts for enantioselectivity in the above asymmetric model reac- 
tion within a reasonable period of time, an efficient screening system based on 
the UV- visible absorption of the p-nitrophenolate anion at 410 nm was devel- 
oped. Since the origin of this yellow- coloured anion is not defined when hydro- 
lysing the racemate, the number of screening events was doubled. Thus, the 
96 wells of commercially available microtiter plates were loaded with the culture 




Fig. 8. Lipase-catalyzed kinetic resolution of a chiral ester 
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supernatants of the lipase mutants originating from the bacterial colonies 
together with 0.01 mol 1“^ Tris/HCl buffer (pH 7.5). Thereafter, samples of enan- 
tiomerically pure {R)- and (S)-substrate dissolved separately in DMF were 
added pairwise. In this way 48 mutants per microtiter plate were screened. The 
enzyme-catalysed hydrolysis of each {R)/{S) pair was monitored by measuring 
the absorption of the p-nitrophenolate anion as a function of time. This required 
about 8-10 min per microtiter plate. About 500-600 mutants could be screened 
in one day by one person. Figure 9 shows the reaction profiles produced by the 
original wild-type enzymes and an improved mutant. Obviously, if the slopes of 
the lines corresponding to the (R)- and (S) -enantiomers are different, then this 
indicates that the enzyme prefers one of the enantiomers [15, 78]. In the worst 
situation the two lines coincide, which in fact was found for the vast majority of 
the mutants. As expected most of the mutants are the result of deleterious amino 
acid substitutions. Of about 1000 mutants screened in the first generation, 
12 showed enhanced enantioselectivity. The exact enantioselectivity was then 
determined by hydrolysing the racemate in the presence of the corresponding 
mutant lipases and analysing the reaction products by conventional chiral 
gas chromatography. The best mutant in the first generation showed an ee-value 
of 31%. 




Fig. 9 a, b. Course of the lipase-catalyzed hydrolysis of the (R)- and (S)-ester as a function of 
time: a wild-type lipase from R aeruginosa; b improved mutant in the first generation 
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The gene corresponding to the best mutant in the library of 1000 members 
was then chosen as the template for the second mutagenesis cycle, a process that 
was repeated until 4 generations of mutant lipases, each 1000 to 2400 in number, 
had been produced. The results summarised in Fig. 10 are remarkable especial- 
ly in view of the fact that only four consecutive cycles of mutagenesis were traver- 
sed and only relatively few mutants were actually screened [15]. 

It was also interesting to observe that the mutant lipase which shows an ee of 
81% in the model reaction of the p-nitrophenyl ester displays similar perfor- 
mance if the corresponding ethyl ester is used (80% ee) [76]. Nevertheless, it was 
not clear at this stage whether the degree of enantioselectivity would continue 
to climb in further mutagenesis experiments. 

Ideas concerning further increases in enantioselectivity revolved around the 
following strategies [18, 79]: (1) more comprehensive screening, (2) production 
of further generations, (3) DNA-shuffling as an alternative mutagenesis method, 
and (4) saturation mutagenesis. Recent work indicates that combinations of 
these methods may well constitute the strategy of choice. Indeed, ee-values of 
>90% have been observed for the model reaction [18, 79]. More efforts are 
necessary to define the optimal strategy for the most efficient exploration of 
protein sequence space in obtaining highly enantioselective enzymes. Since the 
wild-type enzyme shows an extremely small preference for the (S) -substrate, it 
should be possible to evolve mutants which show the opposite direction of enan- 
tioselectivity, namely (R)-selective mutant lipases. This is another intriguing 
challenge which has come about from these investigations. Once the optimal 
biocatalyst has been evolved for a given substrate, it will also be of interest to test 
enantioselectivity in the reactions of related or non-related substrates. 




Fig. 1 0. Sequential increase of enantioselectivity in the test reaction in the course of the muta- 
genesis experiments. The ee values refer to the corresponding best mutant in a reaction with 
a conversion range of 20-30%; corresponding E values: 1.00, 2.10,4.40, 9.40, and 11.3, respec- 
tively 
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Following the publication of the above study [15], another paper appeared 
reporting preliminary results concerning the directed evolution of an enantio- 
selective lipase [80] . In this case a lipase from Pseudomonas fluorescens was used 
in a different hydrolysis reaction. An ee-value of 25% was obtained. It is 
currently not clear whether an enhancement is possible [80] , and if so, by which 
strategy. 

In a brief report, random mutagenesis was successfully used to improve the 
enantioselectivity of a transaminase [81]. Transaminases are enzymes which are 
known to catalyse the conversion of ketones to the corresponding primary 
amines, the ee- values often being > 95 % [4, 82] . However, in the particular case of 
p-tetralone, an (S)-selective transaminase was found to show an ee of only 65%. 
Since the product is of commercial interest, a library of mutants was created, in 
which an enzyme showing an enantioselectivity of 98% in favour of the ( S)-enan- 
tiomer was identified (Fig. 11) [81]. Unfortunately, details concerning the mole- 
cular biology and screening system in this interesting study were not reported. 




Fig. 11. Enantioselective transaminase-catalysed formation of a chiral amine 



The studies relating to in vitro evolution of enantioselective enzymes, al- 
though limited in number, clearly point to enormous opportunities for organic 
chemists. It is also evident that in order to generalise, intensive research is neces- 
sary. The optimal strategy for exploring protein sequence space with respect to 
enantioselectivity still needs to be defined. However, it is already obvious that 
the solution to a given problem, as defined by the attainment of an arbitrary 
ee-value in a given reaction, is not unique. This means that we are not searching 
for a specific enzyme, i.e. for a single mutant enzyme having a certain amino 
acid sequence. Rather, more than one or perhaps even many mutants may fulfil 
the requirements specified by the organic chemist. 

Chemists, biochemists and biologists can also learn a great deal from studies 
directed towards obtaining highly enantioselective enzymes, especially with 
respect to structure/activity/selectivity. For example, preliminary investigations 
show that amino acid substitutions on the surface of the mutant lipases from 
P. aeruginosa, i. e. at positions far removed from the active site, can lead to sub- 
stantial improvements in enantioselectivity [18, 79]. 

4 

Conclusions and Future Prospects 

Nature synthesises biomolecules of amazing complexity by enzyme-catalysed 
reactions. Over evolutionary time, random mutations have occurred in DNA 
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and were distributed by genetic recombination. Natural selection has created an 
impressive number of different proteins, all of them perfectly suited to fulfill 
their respective biological functions. Organic chemists have long recognised 
that these biocatalysts can also solve some of their problems. However, until now 
it had been a matter of trial and error to find and identify the right ones. Some 
biocatalysts are principally able to catalyse a given reaction, but they often lack 
a sufficient degree of stability, activity, substrate specificity, or enantioselectivi- 
ty. The techniques of directed evolution now provide a tool to improve existing 
biocatalysts or create those with novel properties in a relatively short period of 
time. The basic strategy includes random mutagenesis to create libraries of 
mutated genes, exchange and reassembly of mutated gene fragments by recom- 
binative methods like DNA-shuffiing, and screening or selection to identify the 
best biocatalyst. With ever more applications appearing [79, 83], no serious 
doubt remains that applied molecular evolution technology will bring biological 
diversity in the form of whole families of catalysts into the test tubes of organic 
chemists. 
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Monoclonal antibodies with strong binding affinities tailored to any molecular target can be 
produced from immunized mice using hybridoma technology. Due to their directable binding 
specificities and ease of preparation, monoclonal antibodies are used in the daily practice of 
biological research as well as in many diagnostic applications. Since 1986 monoclonal anti- 
bodies with catalytic properties have been prepared by immunizing mice with stable transi- 
tion state analogs of chemical reactions, thereby providing a versatile source of novel biocata- 
lysts. This review discusses catalytic antibodies with respect to organic synthetic reactions. 
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1 

Introduction 

Catalytic antibodies were first reported in 1986 by Lerner and Schultz for the 
hydrolysis of simple esters. Since then over 100 different reactions have been 
catalyzed by antibodies, from enantios elective preparative reactions to prodrug 
activations in vivo [1]. New methods have been developed, including specific 
immunization protocols, direct screening assays for catalysis, and manipula- 
tions with recombinant antibodies via phage display. This article gives an over- 
view of work done towards applying catalytic antibodies for synthetic organic 
reactions by our and other laboratories. 



1.1 

Antibodies 

Antibodies, also called immunoglobulins, are homodimeric globular proteins 
with a molecular weight of approximately 150 KDa (~ 1330 amino acids). Each 
unit consists of a heavy chain with domains VH (genetically variable domain), 
CHI, CH2, and CH3 (constant domains) and a light chain with domains VL 
(genetically variable domain) and CL (constant domain). Disulfide bridges link 
covalently heavy and light chain and both HL-pairs together. Each individual 
domain contains approximately 110 aminoacids and is folded according to a com- 
mon structural motif known as the immunoglobin fold, which contains two 
characteristic anti-parallel jS-sheets and an intra-domain disulfide bridge (Fig. 1). 

Antibodies are produced by the immune system, an ensemble of cells found 
in all vertebrate animals, as part of a molecular defense mechanism against 
pathogens such as viruses and bacteria [2]. They possess two identical binding 
sites of approximately 700 A}, which are formed by each pair of variable do- 
mains VH-VL. These binding sites allow antibodies to bind tightly (10®- 10^^ M“^) 
to structural elements (antigenic determinants) present on the pathogen, which 
thereby becomes tagged for destruction by the immune system. 
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Fig. 1. a Structure of antibodies. and Vl, Cl and ChI form a so called Fab fragment. The 
Ch2-Ch 3 dimer forms the Fc fragment. F^ is normally glycosylated (not shown), b Ribbon 
diagram of Fab-fragment of catalytic antibody 48G7 with bound hapten (see Sect. 4.1). Heavy 
chain domains Ch 1 and Vh dark gray, light chain domains Cl and Vl light gray, hapten mball- 
and-sticks model. Produced from X-ray structure coordinates in pdb 



Importantly, binding specificity and affinity depends on the amino-acid 
sequence of the antibody. As a consequence of somatic mutations, each anti- 
body-producing immune cell (B-cell) is genetically distinct and produces an 
antibody with unique amino-acid sequence in the variable domains VH and VL 
encoding the antibody combining site. Hence each B-cell produces an antibody 
with unique binding specificity. Their total number is estimated at 10® in the 
primary repertoire of B-cells. During the primary immune response B-cells pro- 
ducing antigen-specific antibodies are activated and multiply. A second contact 
with the antigen induces a process of maturation, whereby activated B-cells 
undergo further random mutations, which may provide an additional 10^ struc- 
tural variations for each antibody. In turn daughter cells with mutations increas- 
ing antibody-antigen binding are selected. 

Antibodies binding to proteins, viruses, or cells with high specificity and 
affinity can be readily prepared by immunization, which simply consists of 
injecting the antigen of interest into an experimental animal. Antibodies 
binding to small organic molecules, called haptens, are also accessible by co- 
valently attaching haptens to a carrier protein, usually KLH (keyhole limpet 
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hemocyanin) to form an immunogenic conjugate. Antibodies can then be used 
to identify, isolate, or deactivate their respective antigen. Antibodies are an in- 
dispensable tool in modern biology. 



1.2 

ELISA 

The basic tool for detecting antibodies binding to a specific antigen is the ELISA, 
or Enzyme Linked fmmuno- Sorbent Assay [3]. In this assay, antigen-specific 
antibodies are detected by antigen-mediated attachment to a solid support and 
secondary detection with an Fc-specific enzyme-labeled secondary antibody 
(Fig. 2). For hapten immunization, ELISA is performed using a carrier protein, 
typically BSA (bovine serum albumin), different from the carrier protein used 
for immunization. In this manner only antibodies with binding specificity to the 
hapten are revealed by the assay. 



color detection 

Fo-specific antibody-enzyme con|ugate 



hapten-specific antibody 

hapten-BSA conjugate 
blocking agent 
solid phase 

Fig. 2. Principle of ELISA. Antibodies elicited against a hapten-KLH conjugate are tested 
against a hapten-BSA conjugate. Only hapten-specific antibodies are detected. A blocking 
agent is used to prevent direct binding of antibodies to the solid support 




1.3 

Practical Considerations Regarding Antibody Production 

Antigen-specific antibodies produced by B-cells are secreted and appear in the 
blood serum of an immunized animal, from where they can be isolated as poly- 
clonal mixtures, usually from rabbits. Alternatively, isolation of B-cells from the 
spleen of an immunized mouse and fusion with myeloma (tumor cells) yields 
“hybridoma”, which are antibody-producing cells that can be propagated in 
vitro [4]. Each hybridoma cell line secreting an antigen- specific antibody can be 
isolated and provides a source of a single monoclonal antibody. Polyclonal and 
monoclonal antibodies to a variety of proteins are commercially available, and 
many industrial and academic laboratories offer to produce polyclonal or 
monoclonal antibodies. 

Despite their variable binding specificities determined by the structure of 
their binding sites, antibodies produced from hybridoma or rabbit serum are 
relatively homogeneous in their physico-chemical properties. They are stable at 
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37 °C for prolonged periods in aqueous physiological buffer, and can resist large 
variations of pH (3 - 11). A limited compatibility with organic solvents is observed. 
In our experience, straight, non-optimized in vitro culture of hybridoma followed 
by a single chromatographic separation on an antibody-specific protein-G 
column yields between 5 and 30 mg of pure antibody per liter of cell culture. 
Specialized reactors are commercially available that will yield up to 40 mg 1“^ day“^ 
of antibody. These advantages of stability and ease of large scale production make 
antibodies extremely attractive to work with, and have contributed to making 
experimentation with catalytic antibodies easily accessible to chemists. 



1.4 

Catalytic Antibodies 

Linus Pauling in 1945 recognized that antibodies and enzymes may be distin- 
guished according to affinity, the former binding preferentially to stable ground 
state molecules, and the latter to transition states of reactions [5]. Thus, an enzy- 
me active site could be viewed as a binding pocket for the reaction’s transition 
state, leading to the speculation that this pocket might also bind stable com- 
pounds if those were structurally closely related to this transition state. This in- 
sight lead to the development of stable transition state analogs as enzyme inhibi- 
tors. For example, phosphonates as stable analogs of the tetrahedral intermedia- 
te in ester and amide hydrolysis provided inhibitors for esterases and proteases. 

Applying this reasoning in reverse, Jencks predicted that antibodies with high 
binding affinity for a stable transition state analog of a reaction should then 
catalyze the reaction like enzymes [6]. Indeed, antibodies raised against a parti- 
cular antigen generally do not show absolute binding specificity for the antigen 
but may sometimes bind to related structures. In 1986 Lerner et al. and Schultz 
et al. reported independently that immunization against phosphonate haptens 
yielded monoclonal antibodies which catalyzed the corresponding ester and 
carbonate hydrolysis [7]. The phosphonate group acted as a stable analog of the 
high energy tetrahedral intermediate involved in ester hydrolysis (Fig. 3). 



0 . 



OH 







R^OH 

T 

o 






P X^VW*' 



o o. 



CP 



© 



phosphonate-carrier protein (CP) 
conjugate 



Fig. 3. Mechanism of ester hydrolysis involves a high energy tetrahedral intermediate. Phos- 
phonates accurately mimic this intermediate and can be used as haptens to induce catalytic 
antibodies for ester hydrolysis 
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These experiments represented a dramatic breakthrough and established 
immunization with stable transition state analogs as a new paradigm in enzyme 
design [8]. They were followed by many others, encompassing enzyme- like as 
well as genuinely non-enzymatic processes. Research has focused on extending 
the scope of reactions accessible to catalytic antibodies, as well as on improving 
the methods by which these can be prepared. 



1.5 

Kts as a Measure of Catalytic Efficiency 

The concept of transition state binding applies generally to chemical catalysis. 

is defined as the dissociation constant of the complex between catalyst and 
a reaction’s transition state. It expresses Pauling’s postulate in quantitative 
terms, and relates directly to the catalytic effect AAG* (Fig. 4). 

This analysis can be applied to enzymatic as well as to simple chemical trans- 
formations [9-11], for uni- and multi-substrate [12] reactions according to 
Eqs. (1) and (2). TZn^m denotes the product of Michealis-Menten constants for 
all substrates. In this analysis one assumes that kinetics follow the Michaelis- 
Menten model, which is the case for most antibody-catalyzed processes discus- 
sed below. The k^t denotes the rate constant for reaction of the antibody-sub- 
strate complex, Kyi its dissociation constant, and k^ncat Ae rate constant for reac- 
tion in the medium without catalytic antibody or when the antibody is quanti- 
tatively inhibited by addition of its hapten. In several examples given below 
there is virtually no uncatalyzed reaction. This of course represents the best 
case. 



■^TS ^uncatA 


(1) 




(2) 



An efficient catalyst binds the transition state very tightly, and therefore is 
very small. This number may be directly compared to ffn, the dissociation con- 



TS* 




Fig. 4. Free energy diagram for catalysis. The dissociation constant relates quantitatively 
to the magnitude of the catalytic effect AAG* 
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stant of antibody-hapten complexes. Since this analysis applies to both uni- and 
multi-substrate reactions, it provides a convenient tool to compare widely dif- 
ferent systems such as hydrolytic and bimolecular reactions. must be very 
small to have an interesting catalyst; for catalytic antibodies this is typically 
Kxs<10“^ mol l“h For each substrate i, the rate enhancement is given as 

^cat/^uncat(i) = ^TS (3) 

A complete assessment of catalyst performance must in addition address pro- 
duct inhibition and catalyst inactivation. For preparative applications, the final 
criterion concerns the absolute value of fccat>which expresses how much product 
can be obtained from the catalysts per unit of time. As will be seen below, sever- 
al catalytic antibodies indeed turn out to perform excellently in all respects. 

2 

Catalytic Antibodies for Enzyme-Like Reactions 



2.1 

Esterase Antibodies 

Applications of enzymes in preparative chemistry is largely dominated by ki- 
netic resolutions using esterases and lipases. Due to the ease of preparation of 
esterase catalytic antibodies from immunization with phosphonate transition 
state analogs, these represent the vast majority of catalytic antibodies prepared 
to date, even if it is not yet clear whether they will be competitive with current- 
ly available enzymes. 

Hydrolysis of activated aryl esters, in particular nitrophenyl esters, has been 
used extensively to demonstrate the principles of antibody catalysis. This type of 
substrate is advantageous for model studies because formation of the tetra- 
hedral intermediate is rate limiting, so that the issue of guiding decomposition 
of this intermediate towards hydrolysis does not need to be addressed in design. 
Nevertheless, hydrolyses of non-activated esters are also catalyzed by anti- 
bodies, the most notable example being that of R- and S-selective esterolyses of 
2 by antibodies raised against hapten 1 (Scheme 1) [13]. Another anti-1 anti- 
body was shown to promote enantioselective acylation of alcohols such as (S)-4 
using vinyl ester 3 as acyl donor [14]. 

Mechanistic and structural investigations have revealed that while some 
esterase antibodies promote direct attack by hydroxide on the ester function 
[15], others unexpectedly may also use a covalent mechanism involving a serine- 
histidine dyad strongly reminiscent of the catalytic triad of serine proteases [16]. 

One of the limiting factors in obtaining efficient esterase antibodies is the 
observation of product inhibition by the carboxylate product. Non-phosphonate 
haptens have been used to induce esterase activity in antibodies [17]. Alterna- 
tively, taking carbonates as substrates instead of esters provides an elegant so- 
lution to the problem of product inhibition, as demonstrated in a kinetic resolu- 
tion experiment [18]. This might be the most practical approach to obtain 
preparatively useful esterase catalytic antibodies in the future for kinetic resolu- 
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H 2 O, OH‘ 

Ab 2H6 (anti-1) 



ki:^t = 4.6 min"' 
^ai^^ncat =10^ 
Km( 2) = 4 mM 
Kjs = 0.05 )iM 




NHC0{CH2)3C00‘ 




Me 



Ab21H3(antl-1) 



HO' 



(S)-4 



kaii = 21 min"' 
^uncat “ 0 
(3) = 3 mM 
Km (S-4) = 7.3 mM 




Scheme 1. Enantioselective lipase antibody 



tion of racemic alcohols. Regioselective deprotection of acylated carbohydrates 
has been catalyzed by an antibody, demonstrating the usefulness of these cata- 
lysts for regioselective transformations [19]. 



2.2 

Amidase and Ligase Antibodies 

Cleaving or forming the native peptide bond, if possible with directable sequence 
specificity, is one of the main goals of catalytic antibody research. Several dif- 
ferent p-nitroanilides have been cleaved using catalytic antibodies raised 
against phosphonates or related haptens [20], although these examples have 
little relevance to peptide bond cleavage because nitroanilides are highly activ- 
ated. There is one report of an antibody-catalyzed hydrolysis of a carboxamide 
(CONH 2 ). The antibody was prepared using a methyl phosphinate hapten for 
immunization and an efficient direct screening protocol for catalysis to identify 
activity [21]. 

The most interesting report with respect to preparative applications concerns 
a ligase antibody obtained by immunization against phosphodiester hapten 5 
(Scheme 2) [22]. This antibody catalyzes the coupling of an M-acylated amino- 
acid 4-nitrophenylester such as 6 with an L-tryptophan ester or amide such as 7 
with useful selectivity and rate. 

Inspired by enzymatic mechanisms, several groups have attempted to obtain 
amidase antibodies by recruiting a metal cofactor for catalysis. Introduction of 
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Scheme 2. A peptide ligase catalytic antibody 



histidine residues in antibody sequences by genetic engineering has been used 
to install metal ions such as copper into an antibody binding site [23], although 
without success regarding esterase or amidase activity to date. Due to the enor- 
mous rate enhancement achievable with metal cofactors, there is little doubt that 
this strategy will ultimately succeed in producing useful amidase antibodies. 



2.3 

Phosphatase, Phosphodiesterase and Phosphotriesterase Antibodies 

In analogy to phosphonates and phosphates providing optimal transition state 
analogs for inducing esterase activity, a stable pentacoordinated anionic group 
should allow one to prepare phosphatase and phosphodiesterase antibodies. An 
elegant solution has been demonstrated by Scanlan et al. who used a-hydroxy- 
phosphonate hapten 8 to induce a nitrophenyl phosphatase antibody (Scheme 3) 




0'"^° 



,0 



be 



Ab 38E1 (anti-8) 
H 2 O, pH 9 




9 



/(ca,= 2x10''> S“' 

^at ^^ncal = 8000 
Km{9) = 155|xM 
KVs = 19nM 




Scheme 3. A phosphatase antibody 
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[24]. Hydrolysis of phosphotyrosine, and hence manipulation of signal trans- 
duction pathways, remains to be achieved. 

The Janda group has recently reported catalysis of the rearrangement of 
nitrophenyl-3'-adenosyl phosphate to cyclic 2',3'-adenosyl monophosphate 
using a pentacoordinated rhenium chelate as transition state analog [25]. Anti- 
body- catalyzed hydrolysis of RNA has not been reported to date, but remains an 
opportunity for future development of catalytic antibodies, since it would lead 
to artificial restriction enzymes for RNA. A major difficulty in achieving that 
goal arises in screening protocols for catalysis due to contamination by ubi- 
quitous and highly stable RNase enzymes. Janda and Lavey also reported an 
antibody-catalyzed hydrolysis of the phosphotriester insecticide Paraoxon [26]. 



2.4 

Glycosidase Antibodies 

With respect to synthetic manipulations on carbohydrates, glycosidase and 
glycosyltransferase antibodies could complement existing enzymes [27]. Gly- 
cosidic cleavage occurs under acid catalysis via protonation of the exocyclic C-1 
oxygen followed by bond breaking to form a high energy oxocarbonium cation 
intermediate (Scheme 4). The reaction is marvelously achieved by glycosidase 



Enz 




OH (R, H) 



OyO© 

Enz 



-HOR 



+ H2O 



Scheme 4. Mechanism of glycoside hydrolysis 



■Enz 




OH 



OyOG 
— Enz 




1 


H 2 O, Ab14D9 (anti-10) 


OH 

A. + 




Acat = 7.8X10’^ S’’ 


u 


V 


^at ^Kincat =100 


T 


T 

C0NH(CH2)20H 

11 


Ku(11) = 100(iM 
KVs = 0.47 nM 


C0NH(CH2)20H 


Scheme 5. A model glycosidase antibody 
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enzymes with the help of two carboxylate groups, one of which may be removed 
if provided on the substrate leaving group [28]. Carboxylate groups alone how- 
ever are insufficient for catalysis to occur, and non-covalent interactions with 
the carbohydrate inducing strain towards the half-chair conformation of the 
oxocarbonium ion intermediate play a decisive role in enabling enzymatic cata- 
lysis. Indeed, cationic mimics of this intermediate are efficient inhibitors of 
glycosidases [29]. 

The mechanistically related hydrolysis of aryl-tetrahydropyranyl ether 11 
[30] is catalyzed by antibody 14D9 prepared by immunization with cationic 
transition state analog 10, which features a positive charge in position Cl and a 
leaving group in axial position according to stereoelectronic rules (Scheme 5). 
This transition state analog design has yielded nanomolar inhibitors for glyco- 
sidases [31]. A similar model system has been studied by the Schultz group [32]. 

A glycosidase antibody for the hydrolysis of 13 has been reported by Masa- 
mune et ah, using half-chair cationic transition state analog 12 as hapten [33]. 
Recently, a Scripps team has isolated a recombinant galactosidase catalytic anti- 
body using immunization against pyrrolidine transition state analog 14 com- 
bined with an elaborate genetic chain shuffling and covalent selection experi- 
ment on phage-displayed antibodies (see Sect. 4.2) [34] (Scheme 6). 





13 



HjO.pH 5.4 
Ab ST-8B1 (antl-12) 



*bai = 2.5x10'® s'^ 
^^uncat — 

Km (13) = 1.16 mM 
Kjs = 3A nM 



HO 






.OH 



HO 



-I- 



NHAc 




HjO.pH 7.8 
Fab IB (anti-14) 



*^,ai = 1-2x10-'' s'' 
Itcat ^^uncat ” 

Km (15) = 530 pM 
Kts = 7.6 nM 





NO2 



Scheme 6. Glycosidase antibodies 
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As for esterase catalysis, an important issue for glycosidic bond cleavage con- 
cerns the nature of the leaving group. While hydrolysis of aryl glycosides can 
serve preparative purposes as with glycosidase enzymes [35], the reaction is 
chemically biased due to the nature of the leaving group. A native glycosidic 
bond normally features a non-activated alkyl leaving group. We have recently 
shown in experiments with unactivated acetals that antibody-catalyzed cleavage 
is possible without using activated leaving groups using electrostatic catalysis in 
the antibody binding pocket [36]. 



2.5 

Epoxide Hydrolase Antibodies 

Epoxide hydrolysis is a valuable synthetic transformation. A number of epoxide 
hydrolase enzymes are known [37]. One of the most interesting and original 
transformations described using catalytic antibodies is the intramolecular cyc- 
lization of racemic hydroxyepoxide 17 (Scheme 7). This compound normally 
yields tetrahydrofuran 19a following Baldwin’s rule. By contrast a single enan- 
tiomer of the disfavored product tetrahydropyran 20 a is obtained using a cata- 
lytic antibody raised against W-oxide hapten 16 [38]. The same antibody also 
catalyzes cyclization of hydroxyepoxide 18 to yield optically enriched oxepane 




endo-tet reaction 




Scheme 7. “Anti-baldwinase” antibody 
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20b (78% ee) along the same disfavored endo-tet pathway [39]. These trans- 
formations are carried out in a biphasic hexane/water system. This“anti-Bald- 
winase” antibody operates by polarizing one side of the epoxide for nucleophi- 
lic opening [40]. 

Following a similar principle for hapten design, we have shown that antibody 
14D9 obtained by immunization against 10 catalyzes the hydrolysis of a single 
enantiomer of epoxide 21 to yield diol 22, evidently by participation of a car- 
boxyl side-chain acting as a general acid (Scheme 8) [41]. The spontaneous epo- 
xide opening by chloride from the medium to give chlorohydrin 23 is not cata- 
lyzed by the antibody. As for the anti-Baldwin selectivity described above, this 
chemoselectivity may be ascribed to a selective polarization of the homoben- 
zylic epoxide bond within the antibody binding pocket. 




C0NH(CH2)20H 




C0NH(CH2)20H 



22 



rao-23 



Scheme 8. Epoxide hydrolase antibody 



Epoxide hydrolysis in water has a low activation energy and can be readily 
triggered by general acid-base catalysis, as we have shown for hydrolysis of epo- 
xide 21 by catalytic antibody 14D9. In addition the epoxide hydrolysis product 
is not charged and can be expected to show negligible product inhibition for a 
catalytic antibody raised against charged transition state analogs, e.g., 10. These 
properties make epoxide hydrolysis a very favorable reaction for catalytic anti- 
bodies. A practical biphasic system has been described by Janda et al. for the pre- 
paration of optically pure tetrahydropyran 20 a on the gram scale starting with 
hydroxyepoxide 17 [42]. This suggests favorable future developments of epoxide 
reactions using catalytic antibodies for asymmetric synthesis. 



2.6 

Oxido-Reductase Antibodies 

Redox catalysis with antibodies was first described for the reduction of resazu- 
rin using sulfite [43] and for heme-based peroxidase activity [44]. Concerning 
reactions relevant to preparative synthesis, Schultz and coworkers have de- 
scribed an elegant regio- and enantio-selective reduction of ketone 25 a with 
cyanoborohydride giving enantioselectively keto-alcohol 26 using an antibody 
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raised against i\i-oxide transition state analog 24 (Scheme 9) [45]. Phosphonates 
were also found to induce catalytic antibodies for the same reaction [46]. Anti- 
body catalysis of hydride transfer from an alcohol and an NAD-like cofactor has 
not yet been reported. An elaborate transition state analog of suitable design 
must be addressed to meet this challenge [47]. 

A number of oxidation reactions have been catalyzed by antibodies. Unfunc- 
tionalized olefins such as 27 can be oxidized enantioselectively to the corre- 
sponding epoxide 28 using antibody 20B1 1 directed against hapten 10 (Scheme 
10) [48]. The oxidant used for this reaction is H2O2/CH3CN, which generates 
CH3C(NH)00H as the oxidizing species in situ. Peracids such as magnesium 
monoperphthalate oxidize antibodies quantitatively. The H2O2/CH3CN reagent 
is milder and does not affect the antibody catalyst, yet is strong enough to attack 
di- and trisubstituted olefins. Although the rate enhancements observed are too 
low to lead to preparative chemistry, high enantioselectivities of epoxidation are 
observed in the antibody-catalyzed oxidation. We have also found that forma- 
mide/H202 [49] works equally well in conjunction with anti- 10 antibodies for 




Scheme 9. Regio- and enantio-selective reduction catalyzed by an antibody 
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Scheme 10. Antibody-catalyzed enantioselective epoxidation 
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these oxidations. Either R- or S-epoxides can be obtained enantioselectively 
from olefin 27 and close analogs using a series of anti- 10 catalytic antibodies 
[50]. These results suggest that antibodies might become excellent enantioselec- 
tive catalysts for epoxidations, although practical rate enhancement remains to 
be achieved. Oxidation of sulfide to sulfoxide by periodate has been catalyzed by 
antibodies raised against a phosphonate transition state analog [51]. 



2.7 

Dehydratase Antibodies 

Most antibody-catalyzed reactions are hydrolytic processes, which are highly 
exergonic in aqueous environment. jS-Elimination of jS-hydroxyketones to form 
a,jS-unsaturated ketones is a rare case of a dehydration reaction proceeding 
exothermically in aqueous environment. Catalytic antibodies promoting jS-elimi- 
nation of jS-hydroxy and jS-halo-carbonyl compounds have been described [52]. 
The most interesting from a synthetic viewpoint concerns compound 30, which 
can be dehydrofiuorinated to 2-olefin 32 using catalytic antibody 1D4 raised 
against hapten 29, while the uncatalyzed reaction exclusively yields the more 
stable E-olefin 31 (Scheme 11) [53]. Dehydratase activity also arises in aldolase 
antibodies and will be discussed below in that context. 




Scheme 11. Antibody-catalyzed disfavored /i-fluoro elimination to a Z-olefin 

2.8 

Aldolase Antibodies 

Carbon-carbon bond forming processes are highly valuable in synthetic chem- 
istry. The aldol reaction, which generates up to two chiral centers upon coupUng 
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of two carbonyl compounds to form a jS-hydroxycarbonyl, or aldol, product, is 
one of the most impressive of such processes. In aqueous medium, aldolization 
can be achieved either via enolates or via enamines as activated nucleophiles. 

We have shown that enolate-mediated aldolization of keto-aldehyde 34 to give 
aldols 35a/b is catalyzed by an antibody raised against hapten 33 (Scheme 12) 





Ab 78H6 (anti-33) 
pH 7.5 



2.4x lO"® s'"' 
k:al ^^uncat “ 200 

Km (34) = 360 pM 

Krs = 1.8pM 





35a 



35b 




35a 



f<cat = 8.2x lO”® S'^ 

^at ^ ^uncat ~ 390 
Ku (35a) = 470 pM 

Kjq = 1.2 jiM 




Scheme 12. An aldolase antibody using an enolate mechanism 



[54]. Catalysis is triggered by a carboxyl group in the antibody combining site 
induced by the positive charge in the hapten. Antibody 78H6 further catalyzes 
dehydratation to give the aldol condensation product enone 36. Only one 
enantiomer of the trans-aldol 35 b is accepted as substrate. However, a mixture 
of all four possible aldol stereoisomers is obtained in the antibody-catalyzed 
aldol addition, in accordance with the kinetic characteristic of this enolate- 
mediated aldolization, where enolization, and not the stereogenic carbon-car- 
bon bond formation, is rate limiting. Another attempt at enolate-mediated 
aldolization by the Schultz group yielded a catalytic antibody for a retro-Henry 
reaction [55]. 

Enamine-mediated aldolizations offer much better prospects for a stereo- 
controlled process. The famous enantioselective proline- catalyzed triketone 
cyclization to the Wieland-Miescher ketone 43 [56], as well as the chemistry of 
type I aldolase enzymes [57], provide ample precedents for stereo- and enantio- 
selective enamine-mediated reactions. 
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The aldol addition of aldehyde 38 and acetone to give aldols 39 is an excellent 
test reaction for a catalytic aldolization. We found that anti- 33 antibodies com- 
bine with primary amine 37 to form an aldolase antibody which catalyzes the 
reaction with good enantioselectivities (Scheme 13) [58]. Analysis of the rever- 
se aldolization process shows that (S)-aldols undergo retroaldolization with the 
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= 0-022 M’'min’' 
*uncat = 3x10‘^min’' 
K'ts = 13.6m,M 
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39d 



- 0.11 M'^min"' 
'funoal = 2x10'^ min"'' 
Kjs = 1 .8 nM 



40 



Scheme 13. An enantioselective aldolase antibody using a primary amine cofactor 



same stereoselectivites, as expected from the principle of microscopic reversib- 
ility. Most interestingly, (i?)-aldols, which are not formed in the aldolization 
process, undergo jS-elimination to enone 40 under catalysis by the antibody, 
which leads to a possible transition state model for the reaction [59]. 

A breakthrough experiment has come from the group of Barbas, who cata- 
lyzed the same reaction using a catalytic antibody raised against 1,3-diketone 41 
(Scheme 14) [60]. This hapten selects for a lysine residue in the antibody com- 
bining site due to the formation of a stable vinilogous amide during immuniza- 
tion. While stereoselectivities are similar to antibody 72D4 for the aldolization 
of 37, antibody 33F 12 is a much more efficient catalyst. A beautiful series of syn- 
thetic applications has been reported using the similar catalytic antibody 38C2 
(anti-41), which displays a surprising substrate versatility [61]. Many aldoliza- 
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tions proceed with very high enantioselectivities and can be carried out on a 
preparative scale; among many striking examples is the synthesis of optically 
pure Wieland-Miescher ketone 43 from prochiral diketone 42 [62]. This cataly- 
tic antibody is the first generally applicable preparative catalytic antibody, and 
is available commercially [63]. 




42 



K'ts = 6.5x10‘'°M 



43 {96 % ee) 



Scheme 14. Reactive immunization with a 1,3-diketone hapten yields efficient aldolase anti- 
bodies 



2.9 

Terpene Cyclase Antibodies 

Cationic cyclizations of polyolefins to oligocyclic terpenes such as that catalyzed 
by squalene-cyclases in the biosynthesis of steroids have long fascinated chem- 
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Scheme 15. Terpene cyclase antibodies 
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ists [64]. A number of protocols have been developed to effect these cyclizations 
stereo- and enantioselectively in solution [65]. Janda et al. have reported a series 
of catalytic antibodies that effect cyclization of olefinic tosylates in a biphasic 
hexane-buffer mixture at neutral pH [66]. Cyclization products are obtained 
whose structure depends both on starting material and catalyst [67]. Most 
remarkably, the products observed are not those obtained when the cyclization 
is run without catalyst, demonstrating the dramatic influence of the antibody on 
the outcome of the reaction. In one example a cyclopropane product is obtained 
in the reaction [68]. In a striking recent report antibody-catalyzed bicyclization 
of olefinic tosylate 43 to decalins 45 a- c was observed using an antibody against 
hapten 44 (Scheme 15) [69]. 

3 

Catalytic Antibodies for Non-Enzymatk Processes 

Since the activity of catalytic antibodies is derived from the very general princi- 
ple of transition state binding, there should be no limitations as to the types of 
reactions that can be catalyzed by such catalysts. Indeed, a number of non-en- 
zymatic reactions have been catalyzed by antibodies. 



3.1 

Diels-Alderase Antibodies 

Hilvert et al. reported the first catalytic antibody for a Diels-Alder cycloaddition 
[70]. Further examples were reported later using similar principles for the 
design of transition state analogs [71]. In one instance, cycloaddition catalysis 
was coupled to an esterase activity [72]. The most interesting example for asym- 
metric synthesis is the preparation of enantiomerically pure exo- and endo- 
cycloaddition products 49a/b from diene 48 and dimethyl-acrylamide 50 using 
catalytic antibodies raised against transition state analogs 46 and 47, respec- 
tively (Scheme 16) [73]. Similar activities were also detected in antibodies raised 
against a ferrocene derivative [74]. 

The crystal structure of two Diels Alderase antibodies has recently been re- 
ported [75], which suggests that catalytic activity not only derives from the en- 
tropic effect of binding both substrates in a reactive conformation, but also from 
activating hydrogen bonding interactions between antibody and dienophile. 



3.2 

Antibody-Catalyzed Electrocyclic Processes 

Catalytic antibodies have been obtained for sigmatropic rearrangements, as first 
demonstrated for the biotransformation of chorismate to prephenate by two 
chorismate mutase antibodies developed in parallel by Hilvert et al. and Schultz 
et al. [76]. The Schultz group also described catalysis of an oxy-Cope rearrange- 
ment [77]. Schultz et al. and Hilvert et al. have prepared catalytic antibodies for 
concerted eliminations of aminoxide 53 and selenoxide 54 from immunization 
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Ab 7D4 (anti-46) 
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Km (48) = 0.96 mM; Km (50) = 1 .7 mM 
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Scheme 16. Exo- and e«do-selective enantioselective Diels-Alderase antibodies 



with similar five-membered ring transition state analogs 51 and 52, respective- 
ly (Scheme 17) [78]. An antibody raised against the tertiary amine analog of 
hapten 33 catalyzes an acid-promoted 1,2 -dienone-phenol rearrangement [79]. 



3.3 

Enantioselective Protonation with Catalytic Antibodies 

Enantioselective protonation of prochiral enols or enolates, which provides syn- 
thetic access to optically active carbonyl compounds, is an elegantly simple test 
reaction for enantioselective reagents and catalysts, for which a number of 
examples have been described [80]. The only reaction described with alkyl enol 
ethers concerns the highly enantioselective protonation of enol ethers such as 55 
by catalytic antibody 14D9, an antibody raised against hapten 10 [81 ]. Antibody 
14D9 has a practical turnover of k^^f = 0A s“^ for substrate 55 and produces 
(S)-configured ketone 56 (Scheme 18). The antibody-catalyzed reaction is com- 
pletely enantioselective (>99%) [82]. 

Catalytic antibody 14D9 derives its activity in large part from a carboxyl side 
chain induced in the antibody combining site by the positive charge in hapten 
10 [83]. This side chain acts as a general acid catalyst in the rate-limiting pro- 
tonation step. Hydrophobic interactions with alkyl substituents of the enol ether 
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Scheme 18. Antibody-catalyzed enantioselective protonation 
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also contribute to catalysis. A further accelerating effect results from substrate 
binding itself, which makes the environment of the catalytic carboxyl side chain 
more hydrophobic and thereby raises its pK^ by 0.7 units [84]. This shift of pK^ 
significantly improves the catalytic effect kcat/^uncat pH 6.0 and above due to a 
Broensted coefficient a-0.7 for the rate limiting protonation step [85]. Taken 
together, these effects add up to approximately 10^ in rate enhancement over the 
uncatalyzed process. Antibody 14D9 shows limited product inhibition. For 
instance, ketone 56 binds antibody 14D9 only three times more tightly than 
substrate 55. Finally this antibody is quite stable and can be used repetitively 
without loss of activity, allowing one to carry out readily over 5000 turnovers per 
active site. These factors allow antibody 14D9 to be used on a preparative scale. 
Ketone 56 can be obtained on the gram scale by simply reacting enol ether 55 in 
aqueous buffer at pH 6.0 in the presence of the catalytic antibody [86]. 

A number of related enol ethers are accepted as substrates by antibody 14D9. 
For example, enol ether 57 give (S)-ketone 58, which has been used for a stereo- 
specific synthesis of the pheromone (-)-a-multistriatin (Scheme 19) [87]. 






12 steps 



Me 

(-)-a-multistriatin 



"OH 



Scheme 19. Natural product synthesis using an antibody-catalyzed enantioselective protona- 
tion as key step 



4 

Outlook 



4.1 

Mechanisms of Catalytic Antibodies 

A central mechanistic question about catalytic antibodies concerns the rela- 
tionship between transition state analogs and catalysis. In the past few years a 
number of crystal structures of catalytic antibodies have been reported [88]. 
Identification of the active site is usually straightforward since antibodies are 
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CO crystallized with the transition state analog used for immunization. It is rea- 
sonable to assume that the antibody-catalyzed reactions proceed according to 
the observed transition state analog’s positions within the active sites, and an 
interpretation along these lines provides excellent insights into the relationship 
between antibody structure and catalysis. 

Structural data provide an excellent starting point for site-directed muta- 
genesis experiments to investigate the role of individual amino-acid residues in 
catalysis. For example, antibody 48G7 raised against a nitrophenyl phosphonate 
catalyzes the hydrolysis of nitrophenyl acetate [89]. Crystal structure data reve- 
al that three residues make direct hydrogen bonding contact with the negative- 
ly charged phosphonate moiety in the hapten, namely Arg®®^ (light chain), Tyr^^^ 
and His^®^ (heavy chain) (Fig. 5). These residues are believed to stabilize the 
tetrahedral intermediate during hydrolysis. Single mutations of these key resi- 
dues reduce catalysis (as measured by /c^-at) by a factor of 11 (Arg®®^ ^ Asn®®^), 
3.2 (Tyr^^^ ^ Phe^^^), and 1.7 (His^™ ^ Gln^®^). His^™ is a conserved residue 
also found to play a critical role in a catalytic Ser-His dyad in esterase antibody 
17E8 [90], where it acts as a general base. However,its role in 48G7 might be that 
of stabilizing the tetrahedral intermediate. The most profound mutational effect 
is found upon replacement of this histidine by a negatively charged glutamate, 
which reduces catalysis by a factor of 28 (His^®^ ^ Glu®®^). Interestingly, none of 
the nine residues mutated in the course of affinity maturation of the germline 
antibody to antibody 48G7 is in direct contact with the phosphonate hapten. 
Nevertheless, affinity maturation caused a 10^-fold increase in binding affinity 
for this hapten and an 82-fold increase in catalytic efficiency [91]. 

Grystallographic analysis may provide only limited information when the 
hapten is either weakly bound or is a poor transition state analog of the reaction. 





Fig. 5. Stereo-view of hapten binding site in catalytic antibody 48G7 with nitrophenyl phos- 
phonate hapten and residues Arg^^^ {light chain), Tyr^^^ and His^^^ {heavy chain). Heavy chain 
backbone as dark gray ribbon and light chain backbone as light gray ribbon. H-bonds shown 
as lines. Additional hapten -antibody contacts include three additional Tyrosine residues 
(not shown). Data from pdb files. See also Fig. lb 
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Scheme 20. Transition state structure of antibody-14D9 catalyzed enantioselective protonation 



which is true for many highly efficient catalytic antibodies. In such cases kinetic 
experiments with substrate and hapten analogs can provide detailed informa- 
tion about the mechanism. In the case of antibody 14D9 (Scheme 20) hapten 10 
is bound with nanomolar affinity, so that this hapten, even if not a very convinc- 
ing transition state analog of the reaction, can be considered as a good negative 
image of the antibody’s active site. Kinetic experiments using substrate 59 and 
hapten analogs show that enantioselective protonation occurs with the enol 
ether being in conformation B, with a proton being delivered from direction b in 
the rate limiting step, this relative to the hapten as defining the antibody binding 
pocket [92]. Specifically, successively substituting ethyl for methyl at the quater- 
nary ammonium center in hapten analogs 61 a- d first results in a gain of bind- 
ing affinity for 14D9 for occupancy of the piperidine site (ArCH 2 N'^Me 3 to 
ArCH 2 N'^MeEt 2 ) but in a drastic loss of binding affinity for occupancy of the 
i\i-methyl site (ArCH 2 N'^MeEt 2 to ArCH 2 N'^Et 3 ). Similarly, a dramatic drop in 
transition state binding is measured going from methyl substituted enol ether 59 
to its ethyl counterpart 60. furthermore, both enantiomers of product 56 bind 
equally well to the antibody, which discounts a simple chiral discrimination bet- 
ween enantiomeric products as a source of enantioselectivity. This type of kine- 
tic analysis is very powerful for revealing transition state geometries, and com- 
plements crystallography which can only reveal ground state geometries. 



4.2 

Screening for Catalysis 

Recent structural papers have highlighted several examples of antibody-catalyz- 
ed reactions for which a small catalytic effect was already present in a “germline” 
antibody, one that originated from the original library of 10® structures present 
in the unimmunized animal. In the case of an oxy-Cope rearrangement, cataly- 
sis was more efficient in the germline antibody compared with its “improved” 
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counterpart, which had been optimized for binding during maturation [93]. 
Other spontaneous catalytic activities have been reported in antibodies, such as 
peptide- and DNA-hydrolyzing activities in autoimmune antibodies [94]. 

These findings suggest that immunization against transition state analogs 
might sometimes select an already existing catalytic activity from the germline 
library of antibodies, rather than creating it during antibody maturation. This 
points to the fact that efficient assays for catalysis are equally important in 
discovering catalytic antibodies as are transition state analogs. More practical- 
ly, rapidly identifying potentially catalytic clones out of many hundreds of hap- 
ten binding clones from an immunization with a transition state analog, and 
concentrating cloning efforts on those selected clones, keeps work and material 
costs at a manageable level. Being able to conclude early on the presence or 
absence of a catalytic antibody also potentially allows feedback to hapten 
design, thereby increasing chances of success for a given target. 



4.2.1 

Cat-ELISA 

Numerous methodologies have been developed to assay catalytic activity in cell 
culture media in high throughput format. Green et al. and Hilvert and MacBeath 
have developed a “cat-ELISA” similar to the ELISA for binding affinity. A sub- 
strate-carrier protein conjugate is surface-bound in wells of a 96-well plate. The 
reaction is allowed to proceed in the presence of a test solution, formation of the 
surface bound product is quantitated using ELISA detection with a product 
specific polyclonal rabbit antibody. The presence of product indicates a possible 
catalyst in the test solution [95]. Similar systems applied to surface-bound sub- 
strates have been described using either biotinylated or DNA-tagged substrates 
[96]. 

The best method involves competitive ELISA between the reaction product 
and a product analog covalently tagged with acetylcholinesterase ( AChE) , which 
are allowed to compete for a surface bound, product-specific polyclonal rabbit 
antibody [97]. In the absence of product, AChE-tagged product binds to the well 
surface. After washing unbound reagents, surface-bound AChE is revealed using 
a chromogenic AChE substrate. If reaction has occurred, the untagged product 
binds to the surface and no AChE-tagged product remains bound after washing. 
Thus, no coloration is observed (Eig. 6). 



4.2.2 

Acridone Tags 

We have described an efficient general protocol for assaying catalysis using sub- 
strates labeled with the fluorescent tag acridone [98]. In this method, reactions 
are simply analyzed by thin layer chromatography (TLC). Acridone is a highly 
photoresistant and intensely fluorescent group whose derivatives behave well on 
TLC. As little as 1 picomole of an acridone-tagged compound is visually detec- 
ted under illumination with a simple UV lamp, a detection limit that is 10-100 
times lower than that for fluorescein or dansyl derivatives. This method is easi- 
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Fig. 6. Principle of competitive cat-ELISA assay 



ly adapted to practically any reaction and can be readily applied in high 
throughput format. A typical example is the epoxidation of (S)-citronellol de- 
rivative 61 to two TLC-separable stereoisomers 62 a, b, which provides a simple 
high throughput screening assay for enantioselective epoxidation (Scheme 21). 
While 61 is not water soluble, related acridone derivatives with functional groups 
such as hydroxy, carbonyl or amide groups are well soluble at 100 pmol 1“^ con- 
centration in aqueous buffers. 




H3C"' ^ ^ 'CH3 
61 (R, = 0.49) 



1) H 2 O 2 /HCONH 2 in: a) H20/2-propanol 7:3, pH 6.5 or: b) aq. 
pH6.5 / hexane, 1000 rpm 

2) TLC elution of 10 pL sample using: a) CH 2 Cl 2 /MeOH 4:1 
{preconcentration); b) Hexane/AcOEt 85:15 (twice, separation) 





62a (R, = 0.15) 



62b (R, = 0.12) 



Scheme 21. Acridone tags allow highly sensitive and selective catalysis assays hy TLC 



4.2.3 

Fluorogenic Substrates 

In our hands, the most practicable assays are those involving fluorogenic sub- 
strates [98]. For example, non-fluorescent compound 63 undergoes a retro- 
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Diels- Alder reaction releasing, besides nitroxyl which can be converted to nitric 
oxide, a strongly blue fluorescent anthracene product 64 (Scheme 22) [99]. This 
reaction can therefore be followed sensitively in cell culture supernatants. Using 
early screening we have isolated seven different catalytic antibodies for the reac- 
tion out of approximately 12,000 individual cell culture wells resulting from 
fusions with ten different immunized mice. Due to early screening, the ex- 
periment was completed in a matter of weeks and comprised cloning of only a 
handful of antibodies [100]. 




While only few reactions are fluorogenic, many interesting synthetic transfor- 
mations can be arranged to become so. For example, compounds {R)-66 and (S)- 
66 are enantiomeric substrates for alcohol dehydrogenases (Scheme 23) [101]. 
Ketone 67 is formed upon oxidation, which then releases fluorescent umbel- 
liferone by jS-elimination. This second reaction is itself slow but can be acceler- 
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Scheme 23. An enantioselective fluorogenic assay for alcohol dehydrogenases and esterases 
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ated by addition of bovine serum albumin (BSA) to the medium. BSA has been 
shown to accelerate simple deprotonation reactions [102] and also catalyzes this 
jS-elimination such that the half-life of ketone 67 is reduced from 10 h to 4 min 
with 2 mg/ml BSA. This indirect release strategy allows one to measure a typical- 
ly non-fluorogenic oxidation process by fluorescence. It is readily applicable to 
other carbonyl releasing reactions such as the retro-aldol reaction or the hydro- 
lysis of enol ethers. We have further expanded this technique to follow the hydro- 
lysis of enantiomeric acetates {R)-65 and (S)-65 by fluorescence in the presence 
of alcohol dehydrogenase and BSA. This rapid screening assay for enantioselec- 
tive esterase antibodies is functional in hybridoma cell culture supernatant. 



4.3 

Immunization Protocols 

Standard immunizations of mouse involve two injections, or “boosts”, of a 
hapten-carrier protein conjugate together with an adjuvant at a 15 days interval. 
At least eight weeks after the second boost, immune cells are stimulated by a 
final intravenous injection of hapten-conjugate, and the fusion carried out 
4 days later to generate hybridoma from spleen cells (Fig. 7). Experiments with 
catalytic polyclonal antibodies [103] have shown that over-immunization re- 
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Fig. 7. Standard immunization protocol for producing anti-hapten monoclonal antibodies 
from mouse 
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duces the concentration of catalytic antibodies in serum, suggesting that ex- 
cessive maturation towards binding is detrimental to catalysis. Nevertheless 
boosting twice with antigen is necessary to induce the transition from penta- 
meric IgM to globular IgG antibodies that occur during maturation. 



4.3.1 

Heterologous and In Vitro Immunizations 

Masamune et al. have reported that utilizing two structurally distinct haptens 
for the first and second boost may produce more efficient catalytic antibodies 
for hydrolytic reactions [104], a strategy which perhaps avoids affinity matura- 
tion while allowing isotype transition. Alternatively a procedure called “in vitro” 
immunization can be carried out, whereby spleen cells from unimmunized mice 
are cultured in vitro for five days in the presence of a non-conjugated soluble 
transition state analog and an immune-stimulatory peptide. This results in 
activation of cells producing hapten binding antibodies, which are then fused as 
normal to generate hybridoma. Although this protocol produces antibodies of 
the less convenient pentameric IgM form, it has been reported to give many effi- 
cient catalytic antibodies for an ester hydrolysis reaction [105]. 



4.3.2 

Anti-Idiotypic Antibodies 

A series of experiments suggests that design and synthesis of transition state 
analogs can be circumvented altogether if one wants simply to reproduce an ex- 
isting enzymatic activity with catalytic antibodies [106]. Thus immunization 
against the enzyme acetyl-choline esterase (AChE) leads in part to active-site 
specific antibodies. These antibodies are used as antigen in a second immuniza- 
tion. Some “anti-idiotypic” antibodies resulting from this second immunization 
recognize the binding pocket of the first antibodies and therefore reproduce the 
original acetyl-choline esterase active site. These show catalytic activity for the 
hydrolysis of acetyl choline, but this activity is reduced by a factor of 10^ com- 
pared to the original enzyme. Whether this technique works generally remains 
to be seen. 



4.3.3 

Reactive Immunization 

In an effort to induce catalytic residues during immunization, Lerner et al. 
reported that efficient catalytic antibodies can be generated by a process called 
“reactive immunization”. In this method a chemically reactive hapten is used to 
create a covalent bond with a catalytic residue in the antibody binding pocket, 
thereby allowing its selection and amplification in the course of immunization. 
Aldolase antibodies were obtained using a reactive 1,3-diketone, which formed 
a covalent bond with a lysine residue in the antibody binding pocket (see 
Sect. 2.8). A similar experiment yielded esterase antibodies by immunization 
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against activated phosphodiester haptens [107]. These experiments go beyond 
the concept of transition state analogs and mark a new level of refinement in the 
chemical design of catalytic antibodies. Due to the critical role of catalytic 
amino-acid side chains in enzymes, there is no doubt that reactive immuniza- 
tion is to become a prevalent strategy for inducing catalytic antibodies. 



4.4 

Evolutionary Techniques 

Benkovic and Smiley have reported an orotate decarboxylase antibody obtained 
by genetic selection starting from a library of antibody genes from an unim- 
munized animal introduced into a bacterial strain lacking orotate decarboxylase 
enzymes [108]. In essence, bacteria expressing a functional catalytic anti- 
body for the reaction survived and multiplied, and were induced to produce 
mutations beneficial for catalytic activity. The isolated catalytic antibody is 
highly active, which brilliantly demonstrates the power of this approach. 

A Scripps group has isolated a galactosidase antibody starting from a library 
of antibody genes from an animal immunized with a transition state analog, 
displayed on the surface of phages (see Sect. 2.4.). In the presence of surface- 
bound covalent inactivator 68, which is known to react covalently with galacto- 
sidase enzymes, phages with galactosidase antibodies on their surface convert 
68 to quinone methide 69, which rapidly reacts with a nucleophile on the cataly- 
tic antibody (Scheme 24). As a result, phage displaying catalytically active anti- 
bodies become attached to the surface. Washing unbound phages and amplify- 
ing surface bound, catalytically active clones by error prone PCR allows one to 
select and evolve catalytic antibodies with improved properties. By contrast, 
simple mutation and selection of a phage displayed catalytic antibody for tran- 
sition state analog binding has been found to be of limited use to improve cata- 
lytic activity [109]. 




Scheme 24. Catalysis-dependent covalent attachement of phage-displayed Fab fragments on a 
solid surface allows selection of catalytic antibodies 
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These examples suggest that genetic manipulation of recombinant antibody 
libraries can bean efficient route to catalytic antibodies. These genetic strategies 
are limited to catalyzing key metabolic reactions in the first case, and to reac- 
tions for which covalent inactivators can be found in the second case. In any 
event, these encompass many synthetically relevant transformations. A major 
handicap there remains expression of recombinant antibodies in stable form 
and preparatively significant amounts, which is much more difficult to achieve 
than with hybridoma. 



4.5 

Preparative Applications 

Antibodies can be utilized under a variety of non-physiological conditions 
and are excellently suited for preparative applications due to their intrinsic 
stability. We have found that antibodies catalyzing the retro-Diels-Alder reac- 
tion of 63 function equally well between pH 4 and pH 11. Aldolase antibody 
72D4 operates in the presence of 10% acetone. Janda et al. have used an immo- 
bilized esterase antibody with up to 40% dimethylsulfoxide [110]. Esterase 
catalytic antibodies have been used in reverse micelles and in lipid-coated 
form to transform lipophilic substrates [111]. Catalytic antibodies can also 
be used in a biphasic alkane/water system [112]. The lipophilic substrate 
remains in the alkane phase where it does not undergo any reaction, which 
suppresses any uncatalyzed reaction. In case that the reaction product is still 
lipophilic and returns to the alkane phase, product inhibition is also suppres- 
sed under these conditions. 

We reported the first gram scale synthesis of an optically active product using 
catalytic antibody 14D9 (anti-10) for the conversion of 55 to 56 (see Sect. 3.3). 
Preparative reactions were possible due to a high turnover number of the cata- 
lytic antibody (k(-at = 0.4 s“^), and allowed applications in natural product syn- 
thesis. This enantioselective reaction was of particular interest since it was not 
realizable otherwise, thereby illustrating the potential of catalytic antibody tech- 
nology to provide completely new biocatalysts. Aldolase antibody 38C2 (anti- 41 ) 
stemming from the work of Barbas et al. is now being used for several prepara- 
tive reactions. For these two antibodies, reactions are carried out in homo- 
geneous aqueous phase, from which the products can be recovered by dialysis 
and extraction. The catalytic antibody can be recovered quantitatively with little 
loss of activity. For antibody 14D9 we have carried out 5000 turnovers per 
catalytic site while losing only 20 % of total sample activity, mainly due to manpula- 
tions during dialysis. Once a useful catalytic antibody has been identified, there 
is no principle obstacle for its utilization in large scale, particularly if the anti- 
body is produced by a hybridoma cell line. 
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Immobilized enzymes are used in organic syntheses to fully exploit the technical and eco- 
nomical advantages of biocatalysts based on isolated enzymes. Immobilization enables the 
separation of the enzyme catalyst easily from the reaction mixture, and can lower the costs of 
enzymes dramatically. This is true for immobilized enzyme preparations that provide a well- 
balanced overall performance, based on reasonable immobilization yields, low mass transfer 
limitations, and high operational stability. There are many methods available for immobiliza- 
tion which span from binding on prefabricated carrier materials to incorporation into in situ 
prepared carriers. Operative binding forces vary between weak multiple adsorptive inter- 
actions and single attachments through strong covalent binding. Which of the methods is the 
most appropriate is usually a matter of the desired applications. It is therefore the intention of 
this paper to outline the common immobilization methods and reaction technologies to 
facilitate proper applications of immobilized enzymes. 

Keywords: Enzyme immobilization. Mass transfer effects. Operational stability. Immobilization 
methods. 
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1 

Introduction 

Man-made usage of binding enzymes onto solid materials goes back to the 
1950s, when immobilized enzymes, that is enzymes with restricted mobility, 
were first prepared intentionally [1,2]. Immobilization was achieved by inclu- 
sion into polymeric matrices or binding onto carrier materials. Considerable 
effort was also put into the cross-linking of enzymes, either by cross-linking of 
protein alone or with the addition of inert materials [3]. 

In the course of the last decades numerous methods of immobilization on a 
variety of different materials have been developed. Binding to pre-fabricated 
carrier materials appears to have heen the preferred method so far. Recently, 
cross-linking of enzyme crystals has also been reported to be an interesting 
alternative [4]. 

Immobilized enzymes are currently the object of considerable interest. This 
is due to the expected benefits over soluble enzymes or alternative technologies. 
The number of applications of immobilized enzymes is increasing steadily [5]. 
Occasionally, however, experimental investigations have produced unexpected 
results such as a significant reduction or even an increase in activity compared 
with soluble enzymes. Thus, cross-linked crystals of subtilisin showed 27 times 
less activity in the aqueous hydrolysis of an amino acid ester compared to equal 
amounts of soluble enzyme [6]. On the other hand, in the application of lipo- 
protein lipase in the solvent-mediated synthesis of esters there was a 40-fold 
increase in activity using immobilized or otherwise modified enzyme prepara- 
tions as compared to enzyme powder [7]. 

This is why it is mandatory to have some basic knowledge of the essential 
contributions of the chemical forces of binding and of the physicochemical 
interactions during an enzyme reaction which generally is a matter of heteroge- 
neous catalysis. 

2 

Why Immobilize Enzymes? 

There are several reasons for the preparation and use of immobilized enzymes. 
In addition to a more convenient handling of enzyme preparations, the two 
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Fig. 1. Characteristics of immobilized enzymes 



main targeted benefits are (1) easy separation of the enzyme from the product, 
and (2) reuse of the enzyme. 

Easy separation of the enzyme from the product simplifies enzyme applica- 
tions and supports a reliable and efficient reaction technology. On the other 
hand, reuse of enzymes provides cost advantages which are often an essential 
prerequisite for establishing an enzyme-catalyzed process in the first place. 

The properties of immobilized enzyme preparations are governed by the 
properties of both the enzyme and the carrier material. The specific interaction 
between the latter provides an immobilized enzyme with distinct chemical, bio- 
chemical, mechanical and kinetic properties (Fig. 1). 

Of the numerous parameters [8-10] which have to be taken into account, the 
most important are outlined in Table 1. 

As far as manufacturing costs are concerned the yield of immobilized enzyme 
activity is mostly determined by the immobilization method and the amount of 
soluble enzyme used. Under process conditions, the resulting activity may be 
further reduced by mass transfer effects. More precisely, the yield of enzyme 
activity after immobilization depends not only on losses caused by the binding 
procedure but may be further reduced as a result of diminished availability of 
enzyme molecules within pores or from slowly diffusing substrate molecules. 
Such limitations, summarized as mass transfer effects, lead to lowered efficiency. 
On the other hand, improved stability under working conditions may compensate 
for such drawbacks, resulting in an overall benefit. Altogether, these interactions 
are a measure of productivity or of enzyme consumption, for example, expressed as 
enzyme units per kg of product. If we replace “enzyme imits” by “enzyme costs” we 
obtain the essential product related costs, for example, in US$ per kg of product. 

In order to estimate the cost advantages of immobilized enzymes, it is neces- 
sary to consider the individual manufacturing steps and their contribution to 
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Table 1 . Selected characteristic parameters of immobilized enzymes 


Enzyme 


Biochemical properties 

molecular mass, prosthetic groups, functional groups on protein- 
surface, purity (inactivating/protective function of impurities) 
Enzyme kinetic parameters 

specific activity, pH-, temperature profiles, kinetic parameters for 
activity and inhibition, enzyme stability against pH, temperature, 
solvents, contaminants, impurities 


Carrier 


Chemical characteristics 




chemical basis and composition, functional groups, swelling 
behavior, accessible volume of matrix and pore size, chemical 
stability of carrier 
Mechanical properties 

mean wet particle diameter, single particle compression behavior, 
flow resistance (for fixed bed application), sedimentation velocity 
(for fluidized bed), abrasion (for stirred tanks) 


Immobilized 


Immobilization method 


enzyme 


bound protein, yield of active enzyme, intrinsic kinetic para- 
meters (properties free of mass transfer effects) 

Mass transfer effects 

consisting of partitioning (different concentrations of solutes 
inside and outside the catalyst particles), external and internal 
(porous) diffusion; this gives the effectiveness in relation to free 
enzyme determined under appropriate reaction conditions, 
Stability 

operational stability (expressed as activity decay under working 

conditions), storage stability 

“Performance” 

productivity (amount of formed product per unit or mass of 
enzyme) 

enzyme consumption (e.g. units kg“* product, until half-life) 



the overall costs. Firstly, these comprise the costs for biomass from plant and 
animal sources, or from microbial fermentations. In the latter case, the costs are 
determined mainly by the fermentation scale and the expression rate of the 
enzymes. Secondly, downstreaming is needed to achieve the required purity but 
is accompanied by loss in activity. The use of larger fermentation scales may be 
necessary in order to compensate for loss in activity and also for some increase 
in cost (Fig. 2). Thirdly, costs for the immobilization procedure further increase 
the manufacturing expense. Thus, aside from the potential advantage of easier 
removal of the enzyme from the product formed, immobilized enzymes so far 
provide no cost benefit. However, cost savings will be achieved by multiple reuse 
of an immobilized enzyme. On the other hand, prolonged use also means 
downscaling of the unit operation and thus increased costs for manufacture of 
the enzyme itself which must also be taken into account. In conclusion, only 
multiple use will lead to dramatic cost reduction. In practice, this can be moni- 
tored by consideration of the amount of enzyme required per kg of formed 
product. 
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Fig. 2. Cost and productivity 



3 

Immobilization Methods 

Many reviews and books on the immobilization of enzymes have been pub- 
lished during the last two decades [5, 11-20]. The intent of this part of the 
review is to explain the basic principles and to show recent developments of 
enzyme immobilization for the purpose of preparative biotransformation. The 
attachment of enzymes onto prefabricated artificial or natural carriers will be 
given special emphasis (see Sect. 3.2). 

Immobilization of macromolecules can be generally defined as a procedure 
leading to their restricted mobility. A classification of immobilization methods 
according to different chemical and physical principles is shown in Fig. 3. 

Enzymes are proteins that have been optimized by evolution for more or less 
specific metabolic reactions in living cells. Reaction conditions therein are often 
far away from those in industrial bioreactors. By immobilization novel charac- 
teristics can be induced to make enzymes tolerant to even harsh reaction envi- 
ronments. Some attempts to intentionally modify the catalytic behavior have 
been reviewed [15]. The immobilization procedure should be conducted in a 
way that allows the enzyme to maintain its active conformation and necessary 
catalytic flexibility. Furthermore, catalytically essential residues of the enzyme 
should be undisturbed and conserved. 

Although the development of a suitable immobilization procedure often 
follows empirical guidelines, knowledge of the structural characteristics of the 
enzyme is helpful for achieving a high performance biocatalyst. 

Basically, there are four ways to immobilize enzymes onto surfaces: 

1. A suitable reaction to activate the enzyme for the immobilization process is 
performed prior to binding. This approach often suffers from significant loss 
of activity, because the protein is modified by highly reactive chemical com- 
pounds that are often not strictly group specific and may alter catalytically or 
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Fig. 3. Classification of immobilization methods 



Structurally essential residues. Also intra- and intermolecular cross-linking 
has to be considered. 

2. The support is modified and activated. The native enzyme is bound in a sub- 
sequent step under well-defined conditions using the natural reactivity of the 
molecule. This is the most prominent technique to covalently bind enzymes 
to carrier surfaces. 

3. A bi- or multifunctional coupling agent is used to mediate between carrier 
and enzyme functional groups. This can also lead to intra- and intermole- 
cular enzyme cross-linking. 

4. The enzyme is modified by recombinant DNA techniques to generate a pro- 
tein with “(bio)specific” groups, so that it can adsorb onto special carriers 
using (bio)affinity binding. 



3.1 

Enzyme Functional Groups 



3.1.1 

Native Functional Groups 

Enzymes are composed of amino acid chains linked via peptide bonds and can 
be considered as polyfunctional and (multi-)charged macromolecules with a 
defined, more or less rigid three-dimensional structure. A typical enzyme mole- 
cule with a molecular weight of 30,000 Da resembles a compact spherical 
particle of approx. 4 nm in diameter. Many enzymes, especially those which are 
regulated by various effectors, consist of more than one amino acid chain (sub- 
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unit), that are covalently (via disulfide linkages) or non-covalently associated. In 
addition, the amino acid chains of enzymes can be posttranslationally modified 
in vivo by the cellular machinery. Only carbohydrate residues linked to 
serine/threonine or asparagine will be considered here, because they can be a 
target for immobilization reactions. 



3.1. 1.1 

Amino Add Side Chains 

The chemical reactivity of these complex molecules depends on the reactivity of 
the amino acid side chains in their special microenvironment. Studies on 
chemical modification have revealed that only a few amino acid side chains are 
really reactive [21]. Of the 20 proteinogenic amino acids, the alkyl side chains of 
the hydrophobic residues are chemically inert for all purposes. The aliphatic 
hydroxyl groups of serine and threonine can be considered as water derivatives 
and, therefore, have a low reactivity in competition with a high concentration of 
water molecules (55 M). Thus, only nine side chains are chemically active (see 
Table 2). These are the guanidinyl group of arginine, the y- and jS-carboxyl 
groups of glutamic and aspartic acid, respectively, the sulfhydryl group of 
cysteine, the imidazolyl group of histidine, the c-amino group of lysine, the 
thio ether moiety of methionine, the indolyl group of tryptophan, and the 
phenolic hydroxyl group of tyrosine. 

Most of the enzyme modification reactions, and hence of the coupling reac- 
tions, are nucleophilic reactions, in particular bimolecular nucleophilic sub- 
stitution reactions following an SN2-type mechanism. Therefore, the chemical 
reactivity is basically a function of nucleophilicity of the amino acid side chain. 
Following the overall nucleophilic order of Edwards and Pearson [22], the 
sulfhydryl group of cysteine is the most potent nucleophile in the protein, espe- 
cially in its thiolate form. 

The nitrogen in the amino group is a considerably weaker nucleophile but 
due to its abundance and omnipresence in enzymes is the most important 
target. This is particularly true as most reaction products from thiol nucleophi- 
lic attack are more or less unstable. 

The reactivity of functional residues is strongly influenced by the pH. Gen- 
erally reaction rates are higher at more alkaline pH. Lowering the pH below the 
pK^ of accessible amino groups will decrease the reaction rate as protonated 
amino groups can be regarded as unreactive. As the pK^ is a function of tem- 
perature, ionic strength and microenvironment, the values given in Table 2 are 
approximations. The ratio of protonated to deprotonated species at a certain pH 
can be estimated by the Henderson-Hasselbalch equation: 

pH-pK,+ log([A-]/[AH]) (1) 

Accessibility of functional groups for an immobilization reaction is further 
influenced by microenvironmental effects. Steric hindrance by neighbouring 
groups, interaction with neighbouring groups and solvent molecules, or 
alterations of pK^-values of dissociable groups can lead to a shifted reactiv- 
ity. 
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3.1. 1.2 

Enzyme-Linked Carbohydrates 

Carbohydrates are attached to many secreted enzymes of higher organisms. Two 
basic ways exist to utilize carbohydrates for immobilization purposes. 

Firstly, immobilized lections may be used. Lectins are proteins that display 
high binding selectivity for defined carbohydrate structures and sugar residues 
[23, 24]. The interaction with the glycosylated enzyme is non-covalent, and 
binding strength depends on the specific association constants. This approach 
is cost intensive because it affords the production of a further immobilized 
protein. 

Secondly, selective chemical modification may be performed because the car- 
bohydrate residues have a distinct low reactivity. This can be done by periodate 
oxidation which cleaves C-C bonds bearing adjacent hydroxyl groups and con- 
verts them to aldehydes [25,26]. The generated dialdehyde can react with a 
variety of nucleophiles - usually primary amino groups on the surface of carrier 
materials. The resulting Schiff bases can be further stabilized by sodium boro- 
hydride, sodium cyanoborohydride or pyridine-borane reduction [27]. 



3.1.2 

Synthetic Functional Groups 

Additional reactive groups can be introduced into enzyme molecules by special 
chemical modification. Of particular interest is the conversion of carboxylic 
acids to amines because it converts the original residue into a more potent 
nucleophile and changes the surface charge. This can be done by soluble car- 
bodiimide chemistry [28]. Activation of the carboxylic acid of enzymes by con- 
densing reagents and subsequent reaction with nucleophiles on the surface of 
the carrier material often leads to a significant loss of enzyme activity. The 
amount of condensing reagent, usually water-soluble carbodiimides [e. g. 1-ethyl- 
3-(3-dimethylaminopropyl)carbodiimide, EDC], has to be balanced carefully for 
those carboxyl groups that are not necessary for the catalytic integrity of the 
enzyme. However, mild conditions for enzyme immobilization on special amino 
functionalized agarose has recently been worked out [29]. 

The surface charge of the molecule can be also altered, for instance, by trans- 
forming thiols or amines into carboxylic acids. Thereby, stronger interactions 
with anion exchange matrices can be attained. Thiols can be modified by 
a-haloacetates [30]. Amino groups are usually modified using dicarboxylic acid 
anhydrides (e.g. succinic anhydride). Reaction with tyrosine, histidine, cysteine, 
serine and threonine side chains produces unstable products, especially at 
alkaline pH [3 1 ] , so the reaction is fairly specific for primary amino groups. In a 
similar way, amyloglucosidase has been modified by an ethylene/maleic 
anhydride copolymer resulting in a polyanionic conjugate that was bound to 
polycationic carriers. The carrier-fixed enzyme was used repeatedly in starch 
hydrolysis. However, operational stability was not very high, allowing 10 cycles 
for the best preparation (30% substrate concentration, 50 °C, 0.5 g L~^ active 
enzyme) [32]. 
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Recombinant DNA technology offers new ways to design immobilized enzymes 
by constructing fusion proteins with specific binding tags. However, it should kept in 
mind that the expression and structure of an altered enzyme may also be influenced 
in a negative way. Furthermore, matrix-modified enzyme interactions are non-cova- 
lent. Only some examples of binding or affinity tags should be mentioned here, such 
as IgG binding domains [33],histidintags [34], arginine tags [35], cellulose binding 
domains [36], streptavidin [37], binding domain of streptavidin. These tags have 
been fused to enzymes which then were bound onto special carriers. 

Manipulations regarding cross-linking of enzymes to yield macromolecular 
aggregates should also be mentioned here. A huge variety of homo- or hetero- 
functional cross-linking agents have been developed [38], some of which are 
group specific. In biotechnology most often bis-epoxides, bis- or trisfunctional 
aziridines, or dialdehydes (e.g. glutardialdehyde) are used. Direct cross-linking 
of enzymes produces biocatalysts with poor characteristics concerning mechan- 
ical rigidity, compressibility, and hydrodynamic behaviour. Improvements are 
achieved by co-cross-linking with other inert materials like polymines [18] or by 
combination with other methods (cross-linking on solid supports or in pre- 
formed gels, see below, [39]). Cross-linking of enzyme crystals or amorphous 
enzyme precipitates has already been mentioned [109]. 

A different strategy for preparing enzymes for immobilization is to introduce 
vinyl groups by alkylating or acylating enzymes with activated vinyl monomers 
[40] . The modified enzymes are then polymerized with mono- and bifunctional 
acrylamide derivatives to yield elastic particles of irregular shape after crushing 
of the formed polymer blocks. Such copolymerization processes have yielded 
stable industrial biocatalysts for pharmaceutical application which are especial- 
ly suited for stirred tank applications [41]. 

Recently, an efficient way to encapsulate lipases in hydrophobic sol-gel materi- 
als has been published [42]. By introducing methyltrimethoxysilane/poly- 
dimethylsilane in water/lipase/polyvinyl alcohol mixtures, gel formation occurs as 
catalyzed by sodium fluoride. The gels were dried and washed with organic sol- 
vents. For Pseudomonas lipase the esterification activity in organic solvents was 
dependent on the methyltrimethoxysilane content with activity yields up to 93 %. 

Modification of the surface properties by introducing additional hydropho- 
bic residues via mixed carboxylic acid anhydrides of fatty acids and oxa deriva- 
tives [43] or amphipathic molecules like polyethylene glycol [44] has been gen- 
erally used to effect the stability or reaction rates of enzymes in non-polar orga- 
nic media. In some cases the enzyme became insoluble in aqueous systems [43] 
or soluble and active in organic solvents [45, 46]. 



3.2 

Carrier Materials and Functional Groups 

The characteristics of the carrier have a strong influence on the performance of 
an immobilized enzyme. The following properties should be well selected and 
balanced for a specific biotransformation: 

• Functional groups: The type of activation, presence, distribution and density 
of functional groups determines the activity yields of an immobilization 





106 



W. Tischer • F. Wedekind 



reaction, and stability and operational stability of the carrier-fixed enzyme. 
As shown above most immobilization procedures proceed via a nucleophilic 
attack of amino groups on activated carrier functional groups. This is in 
many cases the appropriate way to couple an enzyme on a carrier surface, 
because it avoids the enzyme getting into contact with highly reactive orga- 
nic compounds of low molecular weight. The type of activation determines 
the coupling conditions, which of course should be in most cases as mild as 
possible. Exceptions are, for instance, the immobilization of enzymes from 
crude or semipurified mixtures, when the coupling conditions inactivate or 
lower undesirable enzymatic side reactions. Stability and operational stabili- 
ty maybe explained by thermodynamic destabilization of the denatured state 
as a result of a decrease of the conformational space available for the denatu- 
red form through multi-point attachment. Furthermore, immobilization 
sometimes increases the operational stability by prevention of aggregation 
and/or proteolysis. 

• Permeability and surface area: In most cases a large surface area (> 100 m^ g“^) 
and high porosity are desirable, so that enzyme and substrate can easily pene- 
trate. A pore size of > 30 nm seems to make the internal surface accessible for 
immobilization of most enzymes. 

• Hydrophilicity/hydrophobicity of the carrier matrix, which influences type 
and strength of non-covalent protein-matrix interaction. In addition, it can 
influence the adsorption, distribution and availability of the substrate and 
product. 

• Insolubility: This is essential, not only for prevention of enzyme loss, but also 
to prevent contamination of the product by dissolved matrix and enzyme. 

• Mechanical stability/rigidity: These properties are dependent on the type of 
reactor. If used in a stirred tank reactor, the support should be stable against 
sheer forces to minimize abrasion. Production of fines (particles below 
100-50 pm) can lead to plugging of sieve plates and filters. 

• Form and size of support: The particle size will have an influence on filtration 
times from stirred tank reactors in repeated batch mode. Furthermore, this 
factor is important for the performance in column reactors regarding back 
pressure and flow rates, which of course are correlated. For this purpose a size 
of spherical particles in the range of 150-300 pm is preferred. 

• Resistance to microbial attack: During long term usage the support has to be 
stable against microbial degradation. 

• Regenerability: This property is of interest in case of expensive carrier mate- 
rials. 

A detailed classification of carrier materials is available [47]. Basically, carrier 

materials can be divided into those of inorganic and organic origin. 



3.2.1 

Inorganic Carriers 

Inorganic carriers (e.g. glass, silica gel, alumina, bentonite, hydroxyapatite, 
nickel/nickel oxide, titania, zirconia) often show good mechanical properties. 
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thermal stability, and resistance against microbial attack and organic solvents. 
On the other hand, non-porous materials like metal and metal oxides only have 
small binding surfaces. Minerals usually display a broad distribution of pore size. 

Silica gels are available under the trade names Promaxon (Promat), Spherosil 
(Rhone-Poulenc) or Aerosil (Degussa). Silica compounds can be prepared with 
defined pore sizes and binding surfaces (controlled pore glass, CPG), but they 
suffer from high production costs and show limited stability under alkaline con- 
ditions. Furthermore, silica carriers are chemically inert and need activation 
and modification. Usually, they are treated with aminoalkyl triethoxysilanes to 
introduce amino groups, which can subsequently be activated for enzyme cou- 
pling reactions by a variety of different methods as outlined in [48]. The most 
common procedure is the reaction with dialdehydes to transform amino groups 
into reactive unsaturated aldehyde residues which will be discussed below. 

In this way, penicillin G amidase was first coupled to dextran (see below) with 
the modified enzyme showing significantly increased thermostability, and this 
preparation was then immobilized on amino-activated silica gels [49]. 

Organopolysiloxanes constitute macroporous inorganic synthetic materials 
carrying organic functional groups and are commercially available (Deloxan®, 
Degussa AG). They combine chemical resistance of the matrix and high loading 
capacity. Amino functional carriers are most interesting because they allow 
covalent coupling via glutardialdehyde chemistry. The straightforward reaction 
of the aldehyde groups with the primary amino groups of the carrier and the 
enzyme has been questioned. Simple Schiff bases are not that stable and the 
reactivity of proteins with freshly distilled glutaraldehyde is remarkably low 
[50]. So it was suggested that the reaction involves addition of amino groups to 
ethylenic double bonds of a,jS-unsaturated oligomers present in commercial 
aqueous glutardialdehyde solution. Furthermore, the operational and storage 
stability of immobilized enzymes did not increase upon treatment with boro- 
hydride (own unpublished observation). Based on amino-functionalized orga- 
nopolysiloxane, industrial biocatalysts have been developed. Immobilized 
glutaryl-7-ACA-acylase is used to split glutaryl-7-aminocephalosporanic acid to 
7-aminocephalosporanic acid, a key intermediate for semi-synthetic cephalos- 
porin antibiotics [51]. Immobilization times were found to be dependent on 
parameters like protein concentration, pH, and ionic strength. For instance, 
increasing the ionic strength led to remarkably reduced reaction times (own 
laboratory results). 



3.2.2 

Organic Carriers 



3.2.2.1 

Naturaily Occurring Organic Carriers 

Natural organic polymers - such as structural proteins (ceratin, collagen), 
globular proteins (albumin) or carbohydrates - are cheap starting materials for 
the production of support materials and are available in large quantities. From 
this group, carbohydrates are of special interest, because they do not suffer from 
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biological safety aspects like protein matrices isolated from animal sources and 
because they are highly hydrophilic which provides a desirable microenvironment 
for many enzymes. Alginate [52], carrageenan [53], chitin or chitosan (prepared 
from chitin by deacetylation) are particularly useful for encapsulating micro- 
organisms by ionotropic, respectively, acidic gelation [52,54]. Enzymes have been 
linked to carbohydrates simply by adsorption followed by cross-linking [39] . 

Chitosan is of importance because of its primary amino groups that are 
susceptible for coupling reactions. Furthermore, porous spherical chitosan 
particles are commercially available (Chitopearl, Fuji Spinning) allowing non- 
covalent or covalent attachment of enzymes [55]. This support matrix can be 
easily prepared [56] and activation methods have heen summarized [57]. 
Treatment with polyethyleneimine or with hexamethylenediamine and glut- 
ardialdehyde can improve the mechanical characteristics [53,58] of the biocata- 
lyst, which is poor otherwise. However, this is often accompanied by some activi- 
ty loss or increase of diffusional limitations. 

Dextran and agarose have to be cross-linked, for instance, with epichlorohy- 
drin, to improve their mechanical characteristics and compressibility. Covalent 
immobilization to commercially available beaded forms (Sephadex, Sepharose) 
is summarized in [59]. The most widespread activation method is the cyanogen 
bromide method [60], yielding isourea and imidocarhonate functions which 
react with amine groups of enzymes to form N-substituted carbamates. Cyano- 
gen bromide was more recently substituted by l-cyano-4-dimethylaminopyri- 
dinium tetrafluoroborate (CDAP) [61]. However, it should be kept in mind that 
this linkage is unstable at pH < 5 and >10. A different way to activate carbo- 
hydrates for covalent coupling is the periodate cleavage that generates aldehyde 
functions. Reaction of the aldehyde moieties with amine groups of enzymes to 
Schiff bases is fast. A stable linkage is achieved by reduction with horohydrides 
(see Sect. 3. 1.1.2). In a modification of this method, Sepharose was first trans- 
formed to glyoxyl-Sepharose by etherification with 2,3 epoxypropanol, then 
further oxidized by periodate to yield an agarose-aldehyde gel, which allows fast 
coupling reactions with amino groups [62]. 

Commercially available preactivated matrices [M-hydroxysuccinimide ester or 
hydrazide, Affi-Gel (BioRad) or a variety of different activated Sepharose deriva- 
tives (Amersham Pharmacia Biotech) I have been primarily developed for affini- 
ty chromatography and are generally too expensive for use as a biocatalyst matrix. 

Cellulose is also an acceptable support and can be activated in a similar 
way. The binding capacity for enzymes is generally lower as compared to agarose 
but it is inexpensive and commercially available in fibrous and granular forms. 
Some drawbacks are the low particle sizes, which impairs the use in rapid high- 
pressure applications, and its susceptibility to microbial cellulases. Some immo- 
bilization and engineering aspects have been reviewed [63]. 



1.2.2.2 

Synthetic Organic Carriers 

Synthetic organic polymers display the greatest variability with regard to physi- 
cal and chemical characteristics. In principle, they can be adapted to the requi- 





Immobilized Enzymes: Methods and Applications 



109 



rements of nearly any enzymatic process. Furthermore, they are inert to micro- 
bial attack. They are commercially available as purely adsorptive resins, as ion 
exchangers with a variety of different basic and acidic groups, or as preactiva- 
ted supports carrying for instance epoxide (Eupergit®, Roehm Pharma) or 
azlactone groups (Emphaze™, 3M). The main synthetic polymers are poly- 
styrene, polyacrylate, polyvinyls, polyamide, polypropylene and copolymers 
based on maleic anhydride and ethylene or styrene, polyaldehyde, and poly- 
peptide structures. 

Polystyrene was the first synthetic polymer used for enzyme immobilization. 
Binding occurred mainly by adsorptive forces. Usually, binding of the enzyme is 
favoured at low salt conditions. However, the hydrophobicity of the matrix often 
leads to partial enzyme denaturation during the binding process and therefore 
to low activity yields. By combining adsorption and cross-linking, penicillin G 
amidase was covalently coupled to a fairly hydrophilic polyacrylic ester (XAD-7), 
which had been pre-coated with glutardialdehyde at alkaline pH [64]. The same 
enzyme was adsorbed on macroporous polymethacrylate, which was optimized 
with regard to monomer-co-monomer composition, and cross-linked by glut- 
ardialdehyde treatment [65]. However, the biocatalyst obtained in the latter 
study was of limited operational stability and could not match the demands of 
an industrial process. 

In a different approach penicillin G amidase was coupled to Nylon 6, which 
was partially hydrolyzed and activated by conversion of the liberated amino 
groups with N-hydroxysuccinimide and dicyclohexylcarbodiimide [66]. Immo- 
bilization yields were fairly high, and preliminary data showed a good opera- 
tional stability in a column reactor. 

Ionic binding on ion-exchange matrices of mixed monomers [e.g. weakly 
basic styrene-divinylbenzene resin (Duolite A 568)] often leads to higher 
immobilization yields as compared to adsorption on hydrophobic adsorber 
resins. Immobilization can indeed be improved by the above mentioned cross- 
linking reactions. This is of particular importance if the biocatalyst is used in 
aqueous systems with a high salt content or in the case of processes which libe- 
rate charged compounds, thereby increasing the ionic strength (e.g. hydrolysis 
of esters or amides). However, most non-covalent immobilizations on (organic) 
supports are of interest for non-aqueous applications. Lipases and, to a lesser 
extent, proteases are the enzymes mainly used in organic solvents. Their immo- 
bilization and application technologies have been recently reviewed [16, 67, 68] . 
The hydrophobic polypropylene matrix (Accurel EP 100, Akzo Nobel) is one of 
the most often used supports for lipases [69, 70] . Immobilization is very easy and 
straightforward. The enzyme protein is bound from aqueous solutions in which 
the support has been suspended. The carrier-fixed lipase is filtered off, washed 
and dried. However, there are a lot of parameters which influence the per- 
formance in organic solvents, e.g. water content of carrier-fixed enzyme or addi- 
tives added prior to drying of the biocatalyst [71,72]. Reaction conditions for the 
production of bioesters, structured triacylglycerides, optically active com- 
pounds, or sensitive organic esters are dependent on the lipase specificity and 
the special performance of the biocatalyst [73]. A comparison of lipases immo- 
bilized on different carriers can be found in [74, 75]. 





no 



W. Tischer • F. Wedekind 



Activation of synthetic polymers can be achieved by a variety of methods. 
Basically, reactive groups can be introduced during polymerization by selection 
of suitable monomers or can be generated through modification of the polymer 
backbone. 

Epoxyactivated organic carriers - the most often used “ready to go” enzyme 
support - can be prepared by copolymerization of glycidylmethacrylate with 
ethylenedimethacrylate [76] or methacrylamide with iV,Ar'-methylenebisacryla- 
mide and allylglycidyl ether (Eupergit) [77]. A different method of synthesis 
uses vinyl acetate and divinylethylene urea to build up the polymer backbone 
which is then surface modified with oxirane groups after hydrolysis of the 
acetate groups (VA- Epoxy BIOSYNTH® , Riedel-de Haen). Particle size, porosity, 
and the density of the epoxy groups can be adjusted by appropriate monomer 
mixtures and polymerization conditions. Generally, polymethacrylates are 
characterized by high mechanical strength and chemical stability. 

They can be used directly for enzyme coupling primarily via protein amino 
groups in buffered aqueous solution, or the epoxy groups can be modified by a 
variety of different reagents, for example, introducing spacers with hydrophilic 
or hydrophobic groups. By this method a suitable distance of enzyme to carrier 
backbone can be adjusted to allow optimal enzymatic flexibility. Eurthermore, 
the microenvironment of a bound enzyme can be influenced selectively. Excess 
of epoxide groups can be blocked after enzyme coupling with low molecular 
weight amino compounds (e.g. glycine, ethanolamine) as a further way to 
modify the biocatalyst. Again, a lot of work in this direction has been done with 
penicillin G amidase [78-80]. This enzyme is of special interest as the world- 
wide production of 6-aminopenicillanic acid (6-APA) proceeds via the one-step 
hydrolysis of penicillin G (penicillin G amidase) or penicillin V (penicillin V 
amidase). Our own experiments have shown that operational stability is in- 
fluenced by the density of the oxirane groups and the carrier backbone. 

Inactivation under more stringent production conditions (37 °C) revealed a 
significantly more stable biocatalyst when immobilization was performed on a 
high density oxirane carrier, although some influence of the different carrier 
backbone could not be completely ruled out (see Fig. 4). One possible explana- 
tion is an improved conformational stabilization by a higher degree of multi- 
point attachment. 

Compared to glutardialdehyde mediated coupling, reactions with oxirane 
groups are slower. However, here again coupling times can have a considerable 
influence on stability. This is illustrated in Fig. 5 which shows the storage stabi- 
lity of penicillin G amidase immobilized on a polymethacrylate carrier in rela- 
tion to the coupling time. 

Similar results were obtained for the immobilization of glutaryl-7-ACA-acy- 
lase (own laboratory experiments). Figure 6 demonstrates the decrease of activi- 
ty in the supernatant of the coupling reaction mixture and the concomitant 
increase in carrier-bound activity. Maximum activity was measured after only 
6 h, leaving about 20% of the initial activity in solution. During the next 14 h the 
remaining soluble enzyme was immobilized. However, an increase in activity 
could not be measured under standard conditions due to diffusional limitation 
and internal pH-shifts in the biocatalyst particles. According to these data. 
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Fig. 4. Operational stability of penicillin G amidase immobilized on epoxy carrier. Batch cycles 
were run in a 1.5-1 laboratory reactor at 10% penicillin G, 6 kU L“*, 36°C. pH was maintained 
at 8.0 by the addition of 2 N NHj. Initial sphtting time was 65 min. The initial activity (relative 
base consumption per min at the beginning of each batch conversion) is plotted against 
the cycle number. PGA was immobilized on polymethacrylate with an epoxy density 
>2000 pmol g“* (squares) or of 600 pmol g“* (triangles) 




Storage time [days] 



□ 17 h H41 h nes h 



Fig. 5. Storage stability of penicillin G amidase immobilized on epoxy-activated polymet- 
hacrylate in relation to the immobilization time. The immobilization reaction was allowed to 
proceed for 17, 41, and 65 h, respectively, and was terminated by the addition of ethanolamine, 
the catalysts were washed and the activity (5 mM potassium phosphate pH 8, 28°C, 10% 
penicillin G, pH-stat 8.0) was determined immediately (t=0), and after storage in a sealed 
vessel at 25 °C for 21 and 120 d 
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immobilization time [h] 

Fig. 6. Kinetics of immobilization of glutaryl-7-ACA-acylase on epoxy-activated polymet- 
hacrylate. The Gl-7-ACA-acylase was incubated with the epoxy-activated carrier. At definite 
times aliquots were taken from the reaction suspension. Supernatant and carrier- fixed enzyme 
were separated by centrifugation. The carrier- fixed enzyme was washed with water to remove 
non-covalently linked enzyme. The activities of the immobilized enzyme and supernatant 
were determined (5 mM potassium phosphate buffer pH 8, 37°C, 2% glutaryl-7-amino cepha- 
losporanic acid, pH-stat 8.0). Simultaneously, an aliquot of carrier-fixed enzyme was boiled in 
sodium dodecylsulfate (SDS)/glycine buffer and the supernatant was subjected to SDS- 
polyacrylamide electrophoresis (see insert: from left to right: lane 1 Carrier- fixed enzyme, 2 h; 
lane 2 Carrier-fixed enzyme, 4 h; lane 3 Carrier-fixed enzyme, 6 h; lane 4 Carrier-fixed en- 
zyme, 21 h; lane 5 Carrier-fixed enzyme, 69 h; lane 6 Dialyzed enzyme; lane 7 Supernatant, 
2 h; lane 8 Supernatant, 21 h; lane 9 Supernatant, 69 h; lane 10 Molecular weight calibration 
markers) 

immobilization is complete within 20 h, but the resulting biocatalyst has only 
poor stability. Analysis of the carrier-fixed enzyme via sodium dodecylsulfate 
polyacrylamide electrophoresis (SDS-PAGE) supports the hypothesis of further 
multipoint attachment after simple adsorption and monovalent linkage (see 
Fig. 6). G1-7-ACA from Acinetobacter sp. is a dimeric protein which consists of 
an approximately 16 kDa a-subunit and a 54 kDa jS-subunit, that are not cova- 
lently linked. After 2-h fixation time the activity reaches about 80 % of its maxi- 
mum value, but practically all of the protein can be stripped off by treatment 
with SDS (compare lane 1 with lane 7). During the next hours the protein bands 
of the a-subunit and the jS-subunit diminish slowly, despite the fact that addi- 
tional protein is loaded onto the carrier. 

4 

Mass Transfer Effects 

Immobilization of enzymes means a deliberate restriction of the mobility of the 
enzyme, which can also affect mobility of the solutes. The various phenomena. 
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referred to as mass transfer effects, can lead to a reduced reaction rate, in other 
words to a reduced efficiency as compared to the soluble enzyme. 

A reduced reaction rate may result from external diffusional restrictions on 
the surface of carrier materials. In stirred tanks external diffusion plays a minor 
role as long as the reaction liquid is stirred sufficiently. Further, partition effects 
can lead to different solubilities inside and outside the carriers. Partition has to 
be taken into account when ionic or adsorptive forces of low concentrated sol- 
utes interact with carrier materials [81 - 83]. The most crucial effects are observed 
in porous particles due to internal or porous diffusion as outlined below. 



4.1 

Porous Diffusion 

Considerable importance is given in the literature to describe theoretical and 
practical aspects of mass transfer effects on immobilized enzymes. 

All reactions of immobilized enzymes must obey the physicochemical laws of 
mass transfer and their interplay with enzyme catalysis. The question is, there- 
fore, what are the reasons for restrictions caused by mass transfer, and how can 
they be avoided if necessary? 

The mathematical description of diffusional limitations of enzyme kinetics 
in the combined action with mass transfer has for years been well established. 
The presentation of these interactions is very complex, in particular when terms 
for product inhibition, proton-generation or enzyme deactivation are incorpo- 
rated in addition to comparably simple Michaelis-Menten kinetics. 

For Michaelis-Menten based enzyme kinetics the extent of mass transfer 
control is usually expressed by the efficiency coefficient or effectiveness fac- 
tor q, expressed as: 

v' (substrate conversion rate of immobilized enzyme) 

q = (2) 

V (substrate conversion rate of free enzyme) 

Numerically calculated values of q are available when only substrate diffusion in 
Michaelis-Menten type kinetics is considered. They can be presented in graphi- 
cal form, expressing q as a function of the Thiele modulus (Pr and of a dimen- 
sionless substrate concentration or occasionally in its reciprocal form as a 
dimensionless Michaelis constant f according to Lee and Tsao [84] (reviewed in 
[82,83]; see Table 3 for explanation of symbols), hence: 



q = f(^R,/3) 



(3) 



^r = Rx 



Vm 

^ Deff X Km 



(4) 



P = 



Km 



(5) 
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Table 3. Effectiveness factors q for immobilized penicillin G amidases^ 




S(mM) 




n 


PGA on Eupergit®C 


268 


68 


1.0 




10 


68 


0.995 




0.013 


68 


0.023 


PGA on Eupergit ®250L 


268 


69 


1.0 




10 


69 


0.995 




0.013 


69 


0.023 



“ Penicillin G amidase was immobilized on pre-fabricated carriers or insolubilized as cross- 
linked crystals. Eupergit-related value for R (mean particle radius of swelled carrier) was 
80 pm [87]. (assuming maximum intrinsic activity per accessible catalyst volume, based 
on active enzyme molecules; 1 unit=l pmol min“* at 28°C) was 90 and 170 U cm“^ for 
Eupergit C and 250L, respectively [87]. D^ff (effective diffusion coefficient) was taken from 
literature [87] or calculated as shown in the text. (intrinsic Michaelis constant) was uni- 
formly taken as 13 mM [87] and S = 268 mM corresponds to the substrate concentration at 
catalyst surface of a 10 % solution of penicillin G salt, q was calculated according to Atkinson 
et al. for spherical particles [85]. For simplification, surface and pore related indices have 
been omitted. 



On the other hand, approximate calculations of q can also be used [85] . In this 
way, cumbersome solutions of the differential equations are not required if one 
merely wishes to obtain a general idea of substrate-related diffusional restric- 
tions. A profound insight into effectiveness factors is given by Kasche [86] where 
a good correlation between calculated and experimental data is demonstrated. 

To demonstrate limitations by porous diffusion, available data for penicillin 
G amidase on various carrier materials were collected to calculate and compare 
efficiency coefficients by insertion into Eqs. (3-5) (Table 3). 

Data related to particle size and binding capacity are of major importance. 
The binding capacity of enzyme carriers for proteins is = 0.1 - 10% of the carri- 
er weight. Prefabricated carriers are provided with 100-1000 pm in diameter. 
Spherical carriers such as Eupergit C particles have an average diameter of 
160 pm [87]. 

Effective diffusion coefficients in carriers are dependent on their pore dia- 
meters (e.g. 25 and 250 nm in Eupergit® C and Eupergit® 250 L, respectively). 
The diffusion coefficient of penicillin G in free solution (Dq) was found to be 
4.0x10“® cm^ s“h The effective diffusion coefficient (D^g) in Eupergit® was 
30 and 67% of this value when based on average pore diameters of 25 and 
250 nm, respectively [87]. 

Assuming that the above values are representative for carrier-fixed enzymes, 
the effectiveness factors for penicillin G amidase from E. coli are presented in 
Table 3. 

In conclusion, estimations of q indicate that there are no diffusional limita- 
tions as long as the substrate concentration is high. This is the case under the 
starting conditions of technical penicillin hydrolysis as long as only the sub- 
strate is taken into consideration. At lower substrate concentrations pore dif- 
fusion leads to low efficiency. 
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Low substrate concentrations occur in hydrolytic reactions when substrate 
conversion is close to completion. Under these conditions, however, other fac- 
tors such as various kinds of product inhibition [87] will govern the reaction 
rate. Presumably, this will further increase the mass transfer limitations [88]. An 
additional effect, which can overshadow all other factors at any substrate con- 
centration, is the formation of reaction-generated proton gradients (see below). 

In practice it is desirable to be able to detect substrate-related porous diffu- 
sion reliably by simple means. A popular method is to assay the enzyme activi- 
ty at varying substrate concentrations. At low substrate concentrations diffusio- 
nal restrictions are likely to be predominant. They can be detected by graphical 
evaluation. Instead of straight lines somewhat curved lines are obtained in the 
case of v/S vs. v-plots according to Eadie-Hofstee [89] . However, the extent of the 
curvature is not necessarily as great as would be required to detect diffusional 
control beyond all doubt. Thus one cannot exclude diffusional effects if non- 
linearity is not observed. 

To avoid diffusional limitations it is advisable to assay the enzyme activity 
under more drastic conditions. Amongst other things, this means increasing 
stirrer speed to exclude external diffusion, crushing the particles to reduce 
porous diffusion, increasing the substrate concentration to about > 100-fold of 
K^-value to avoid lack of substrate at the center of the particles or adding buf- 
fer to avoid pH-shifts. If the reaction rate is increased by any of these means it is 
likely that diffusional control is operative and can to some extent be reduced or 
even eliminated. 

Appropriate means which can be used to increase efficiency are as follows: 

• Decreasing the particle size of the carriers. In technical applications the lower 
limit is a diameter for spherical particles of > 100 pm, which allows the con- 
venient retention on a sieve plate even in large enzyme reactors. For smaller 
sized enzyme crystals other retention techniques have to be applied. 

• Lowering of enzyme loading is recommended for enzymes with high specific 
activity which is easily achieved hy common fixation methods. Enzyme 
activity in crystals was diluted by co-crystallization with inactivated enzyme 
[6]. On the other hand, in the case of enzymes with low specific activity, tight 
packing in crystals may be a useful fixation method when excessive inert car- 
rier material would otherwise preclude reasonable reaction conditions. 

• Preferential binding on the outer shell of carrier materials will enable increased 
efficiencies [90] . An increased efficiency of about a factor of two may be expec- 
ted when only the outer shell at 1 0 % of the radius is occupied by enzyme [91]. 



4.2 

Reaction (Dynamic) and Support-Generated (Static) Proton Gradients 

Cross-linked crystals from subtilisin exhibited 27 times less activity than soluble 
subtilisin in the hydrolysis of benzoyl- L-phenylalanine ethyl ester. Denaturation 
of the enzyme and restrictions from substrate-dependent internal diffusion 
were ruled out. A shift in the pH-dependence of the maximum activity to higher 
pH-values was observed which was explained by intermolecular electrostatic 
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interactions increasing the pKs of the catalytic residues of the active centers [6]. 
The observed pH-shifts in activity may indeed also be caused by; 

1. Static proton or substrate gradients caused by partition of charged groups 
near surfaces with stationary charges [92,93]. 

2. Dynamic proton gradients due to hydrolytic reactions with liberation of pro- 
tons as has frequently been observed for immobilized enzymes [10,94-97]. 

In the first case the observed pH-shift in activity can be reduced by using high 
ionic strengths which minimize the gradients caused by the stationary charges 
of the support for the immobilized enzyme. These static gradients are of little 
technical relevance in reactions where charged substrates with high ionic 
strengths are used. 

Besides the static proton gradients, the dynamic gradient formed by reactions 
inside the particles must also be considered. In contrast to substrate and product 
related mass transfer limitations, even tiny amounts of protons may overshadow 
any other effects [94]. 

The reason for the latter is that in unbuffered proton forming reactions such 
as 

R1COOR2-FH2O ^ R1COO--FH+-FR2OH (6) 

hydrolysis of only 1% of a 10“^ M substrate means formation of 10“® M protons 
(corresponding to pH 5), which may be significantly different from the external 
pH-value and the optimum pH of the desired enzyme reaction. 

This consideration is significant for hydrolytic reactions with hydrolases such 
as lipases, esterases, and amidases. These include penicillin amidases (synony- 
mous with penicillin acylases) and cephalosporin acylases which are used for 
hydrolytic cleavage of penicillins and cephalosporins in thousands of tons per 
year [98]. These hydrolyses have to be performed at a pH-value of ~8 which is 
close to the optimum pH of the enzyme. Lower pH-values lead to lower reaction 
rates and reversibility of the reaction, and hence to a significant loss in product 
formation. Higher pH-values are not advisable owing to the instability of the 
reaction partners. Moreover, addition of buffers is not accepted because of the 
costly removal of the buffer components. 

For a better understanding, several authors have created models for mathe- 
matical description. They have extended Michaelis-Menten-like kinetics by 
adding proton-generating terms [99] and have considered product inhibition 
and pH-values above the optimum pH of the soluble enzyme [100]. In addition, 
they included facilitated transport due to buffering capabilities of substrates and 
products [95] or of added buffers [96, 99, 101]. In view of the complexities of 
exact calculations only a basic outline can be given here. 

Enzyme reactions are in many cases characterized by a bell-shaped pH/ 
activity profile; 



V„ = - 



V' 



I K 2 

1-F -F 

Ki I 



(7) 
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Fig. 7. Efficiency of proton-generating enzyme reactions. Curve a Soluble enzyme reaction 

with a bell-shaped activity/pH-profile K[ = 10“'* M, K2=10“* M,^<0.1 ( ). Curve b Severe 

diffusional control of an immobilized enzyme when $ = 12, S = 145 mM, Ky = 14.5 mM ( ). 

Curve c Moderate internal diffusion control of an immobilized enzyme in the presence of a 
weak acid (conditions of curve b plus 10 mM weak acid) ( ) (simplified graphic represen- 

tation derived from [101]) 



where I is the actual proton concentration, K^, K 2 are the pH-profile related con- 
stants, giving a profile such as that shown in Fig. 7, curve a. 

Accumulated protons generated within the pores of a catalyst cause the for- 
mation of a proton gradient. The extent of such a gradient is predominantly a 
matter of the proton formation rate, which is dependent on the immobilized 
enzyme’s activity and the mass transfer driven transport of protons to the out- 
side of the catalyst particles. At steady state a mass balance occurs. 

Ruckenstein [96] has calculated the resulting diffusion-restricted enzyme 
activities at high substrate concentrations. He teaches us in simple terms that 
pH-shifts and resulting reductions in activity occur even at substrate concen- 
trations high enough to exclude any substrate-related diffusional restrictions, 
i.e. at effectiveness factors close to 1. 

In his calculations, Ruckenstein introduced a modified and proton-related Thie- 
le modulus. He replaced the substrate-related by the pH-related [Eq. (7)] and 

used the effective diffusion coefficient of protons instead of substrates. It turned 
out that even at comparably low values of this modified Thiele modulus the reac- 
tion rates decrease and, instead of a bell-shaped profile, a curve which becomes 
flatter towards alkaline pH-values is obtained (Fig. 7, curve b). 

In the presence of weak acids, facilitated transport of protons was assumed. In 
consequence, significantly increased transport of protons can be achieved, so that 
the activity/pH-profile is shifted to more alkaline pH-values (Fig. 7, curve c). 

Experimental proof of diffusion-related pH-shifts was obtained in porous 
carriers for immobilized penicillin amidase. Direct fluorescence measurements 
of co-immobilized fluorochromes with pH-dependent fluorescence intensity 
revealed pH-gradients during hydrolysis [87, p 125]. These gradients decrease 
with increasing buffer capacity and are negligible for buffer concentrations of 
>0.05 M. 
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For assaying the pH-dependent activity of subtilisin crystals as mentioned 
above, low buffer capacities were used [6,102]. Thus, the formation of a dynamic 
pH-gradient during hydrolysis may explain the observed pH-shift in activity. 
Also carrier-fixed a-chymotrypsin reveals exactly the same phenomena [86, 
97], which is discussed in more detail elsewhere [103]. 

In order to optimize productivity and reduce the loss of catalyst or product it 
is advisable to minimize the effects of reaction-generated dynamic pH-gradients. 
Whenever practicable and useful this may be achieved in several ways: 

• By reducing enzyme density and/or particle size as indicated for substrate- 
mediated diffusional control. 

• By using buffers with sufficient capacity (> 0.05 M) that minimize the dyna- 
mic pH-gradients. Occasionally the substrates or products themselves pro- 
vide such properties so that only the optimal external pH-value has to be 
adapted. It should not be lower than the pK-value of the weak acid and not 
lower than the optimum pH of the enzyme [95, 96]. 

• By operating at an external pH higher than the optimum pH of the enzyme. 

• By co-immobilization of a proton-consuming enzyme. This was successfully 
done with urease, where in situ formed ammonia neutralized the generated 
protons in an extraordinarily effective manner [99]. 

Proton-consuming reactions such as the urease reaction are likely to show all 
the diffusion-related pH-shifts in the opposite direction. Obviously, they may be 
treated in an analogous manner. 



4.3 

Temperature Dependence 

In a diffusion-free enzyme reaction the reaction rate increases up to a certain 
critical value exponentially and is described by the Arrhenius equation [82]. In 
diffusion-controlled reactions the reaction rate is a matter of the efficiency 
factor q [see Eqs. (3-5)]. In more detail, the maximum reaction rate is expressed 
within the root of Eq. (4). Conclusively, the temperature dependence is a func- 
tion of the square root of the enzyme activity. In practice, immobilized enzymes 
are much less temperature dependent when their reaction rate is diffusion con- 
trolled. 



4.4 

Stability Assessment 

It is useful to differentiate between storage stability and operational stability. 
Storage stability is provided by an appropriate formulation. Mostly, several addi- 
tives protect the enzyme from denaturation under recommended storage con- 
ditions. By these means, shipment and distribution are supported. The opera- 
tional stability is a matter of working conditions and of detrimental effects from 
the selected reaction conditions, such as pH, temperature, solvents, impurities, 
and other factors that contribute to protein denaturation or modification of 
functional groups and thus enhance inactivation. The operational stability 
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determines the enzyme’s performance and determines cost benefits as discus- 
sed above. For diffusional-free reactions time-dependent inactivation can 
proceed along various inactivation rates, such as exponential activity decay 
according to a first-order reaction. In this case, the rate of inactivation can be 
described in a similar manner to that given for temperature dependence by the 
Arrhenius equation (see above). 

In strictly diffusion-controlled reactions, i.e. at low efficiencies, simply 
spoken, only a small fraction of the total immobilized enzyme quantity is work- 
ing. If in the course of operation actively working enzyme is destroyed, some 
other previously “resting” fraction may substitute to some extent. This is one 
reason why immobilized enzymes may erroneously appear to be more stable 
than free enzymes. To avoid such misinterpretation requires the assay of the 
enzyme activity in the absence of diffusional limitations. For industrial applica- 
tions it is more useful to consider the enzyme’s performance as indicated in Fig. 1, 
instead of just assessing its half-life. 



4.5 

Other Contributions 

Unfortunately, most enzymes do not obey simple Michaelis-Menten kinetics. 
Substrate and product inhibition, presence of more than one substrate and pro- 
duct, or coupled enzyme reactions in multi-enzyme systems require much more 
complicated rate equations. Gaseous or solid substrates or enzymes bound in 
immobilized cells need additional transport barriers to be taken into considera- 
tion. Instead of porous spherical particles, other geometries of catalyst particles 
can be applied in stirred tanks, plug-flow reactors and others which need some 
modified treatment of diffusional restrictions and reaction technology. 

5 

Performance of Immobilized Enzymes 



5.1 

Enzyme Formulation and Activity 

For reactions in water-immiscible organic solvents the simplest method of 
immobilization is to use dried enzyme powders and to suspend them in the 
solvent [104]. They can be removed by filtration or centrifugation and reused 
afterwards. However, even this simple method can cause trouble. 

A powder of lipoprotein lipase (LPL) esterified an organic substrate in toluene 
at a rather poor reaction rate (Table 4), which was to some extent explained by 
adhesion of the sticky enzyme powder to the surface of the reaction vessel [7]. 
When polyethylene glycol (PEG) was bound covalently to LPL and this modified 
enzyme was dissolved in toluene, approximately 3.5 U mg“^ of enzyme protein 
were assayed. After simple addition of PEG to the reaction mixture together with 
LPL powder, the same poor reaction rate of the enzyme powder alone was ob- 
served. On the other hand, when LPL powder was lyophilized together with PEG 
the resultant preparation had an activity of 1.8 U mg“L In this case, the enzyme 
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Table 4. Acetylation activities of dispersed lipases 




Enzyme 


Formulation 


Activity “ 


Acetylation of (±)-sulcatol in toluene 


LPL 


powder 


<0.06 




powder + PEG 


<0.06 




lyophilized together with PEG 


1.8 




with covalently bound PEG 


3.5 




carrier-fixed 


2.3 


Acetylation of sec-phenylethyl alcohol 


PSL 


powder** 


1.5(15) 




carrier-fixed enzyme** 


0.08 (8) 


CAL-B 


powder** 


1.7 (17) 




carrier-fixed enzyme** 


0.4 (40) 



“ Units/mg dried preparation; figures in parentheses per enzyme protein. 

In n-hexane, water saturated, at 2°C in units mg“'; either with lyophilized preparations 
(powders) containing roughly 10% protein or with lyophilized carrier-fixed preparations 
(roughly 1 % protein hy weight) [120]. 



powder was highly dispersed in the organic medium and could easily be sepa- 
rated by centrifugation. Adsorption of LPL on a carrier material (Celite®) 
yielded a reaction rate of 2.3 U mg“^ [7]. 

These experimental findings indicate the importance of proper formulation, 
even if these results are not necessarily merely a matter of distribution, since 
water activity, enzyme conformation and stability also affect the assayed activi- 
ty [6, 105-108]. Improper storage conditions and formulations of powders not 
specially developed for applications in solvents are likely to be responsible for 
low activities, for example, when air humidity or reaction-generated water make 
hygroscopic lyophilisates sticky. In conclusion, proper formulation of lyophili- 
sates or of carrier-fixed preparations will result in appreciable activities. 

In contrast to the poor reaction rates reported elsewhere [109], crude powder 
of lipase from Pseudomonas cepacia (PSL) acylates secondary phenylethyl alco- 
hol at reasonable reaction rates [120] (Table 4). Based on active enzyme protein, 
the highest reaction rates were observed for carrier-fixed enzymes. This is also 
true for lipase from Candida antarctica (CAL-B). PSL crystals catalyzed with 
comparable activity when they had been pretreated with surfactants [109] . 

With regard to distribution there are several means of enhancing the reaction 
rates for immobilized enzymes; 

• In the case of enzyme powders, proper formulation and storage conditions 
will ensure reasonable activities. This is achieved by the addition of various 
compounds prior to the drying process to improve distribution. Such com- 
pounds can also be quite useful as stabilizers and as protective agents. Suita- 
ble preparations are usually provided by enzyme manufacturers for dedica- 
ted enzymes. 

• Solubilization of the enzyme in an organic solvent by covalent coupling of 
lipophilic compounds. Immobilization must then be achieved by inclusion 
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into membrane devices or by separation in two- or multi-phase reactions 
[ 110 - 112 ], 

• Immobilization of the enzyme. Even simple adsorption onto porous carriers 
may significantly increase the availability of single catalytic centers, and also 
ensures easy separation from the product. Cross-linked enzyme crystals 
appear to require surfactants to compensate for their low activity in water- 
immiscible organic solvents [109]. 

Immobilization entails the introduction of inert carrier materials. With the 
exception of enzyme crystals or enzymes within enzyme membrane reactors, 
the inert carrier material is usually present in excess of the active enzyme pro- 
tein. The carrier for crystals is the enzyme protein itself, whose specific activity 
strictly determines the weight-related activity of the crystal. This is different in 
the case of dedicated carrier materials. The range of active enzyme can be quite 
broad because enzyme loading can be adjusted according to the binding capaci- 
ty of the carrier material. It is therefore possible to establish a well-balanced 
relationship between reaction volume and carrier by adjusting the amount of 
bound enzyme on the carrier. 

This was investigated for the hydrolysis of cephalosporins with carrier-fixed 
glutaryl-7-ACA acylase, for example [113]. The application suffers from a rather 
low specific enzyme activity of about 4 U mg“^ [assayed with glutaryl-7-ACA 
(7-jS-(4-carboxybutanamido)aminocephalosporanic acid at 37°C, pH 8]. 
About 60 g of dried carrier-fixed enzyme (5 kU L“^) hydrolyzed more than 
95% of 75 mM substrate within 50 min at 20°C. The enzyme occupies about 
6% of the reactor volume of a stirred tank. Significantly greater amounts of 
carrier would retain more product within the pores and would necessitate 
additional washing steps and hence lead to dilution. On the other hand, higher 
enzyme loading on the carrier would further reduce its volume in the reactor 
and would probably lead to losses of enzyme activity during the frequently 
repeated recycling steps. 

For poorly active enzymes a high catalyst density as in cross-linked crystals 
is of advantage. Limitations due to low activity are less a question of technology 
than of cost targets because enzymes are usually expensive when their specific 
activity is low. This is not necessarily true in the case of some proteases and lipa- 
ses produced on a large scale as ingredients of detergents. Thus cost targets can 
be met more easily not by extreme stabilization but by low-priced enzyme. 
Unfortunately, some commercially available crude enzymes are a mixture of 
different enzyme species [114] which is the reason for some of the drawbacks 
described here. In order to obtain reproducible results independent of lot varia- 
tions, it is advisable to use only enzymes which are at least provided with speci- 
fications ensuring adequate quality. 



5.2 

Stability 

Increased operational stability of immobilized enzymes is essential in order to 
achieve the cost benefits already mentioned. Enzyme stability can be controlled 
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by assaying the activity decay over time until half-life activity is reached. This is 
a useful means of control when thermal inactivation takes place according to 
first-order kinetics. 

Complications occur when more or less stable mixtures of different enzyme 
species are present, either as a result of more or less tight binding or differing 
intrinsic stabilities. 

The role of mass transfer effects, whether occurring accidentally or by design, 
is ambivalent, causing Trevan to ask the question “Diffusion limitation - friend 
or foe?” [115]. Lower activity as a result of low efficiency indicates that only a 
minor portion of enzyme is active during operation. The other unused portion 
may, in simple terms, replace the enzyme as it is inactivated step by step. In other 
words, mass transfer controlled reactions appear to be much less sensitive to 
decay of enzyme activity, thus falsely creating an impression of stabilization. 
Under harsh reaction conditions it may be advantageous to operate under these 
conditions to keep the reaction rate constant until the diffusion limitation dis- 
appears [82, 115, 116]. 

With regard to such effects it is advisable not only to determine the operation- 
al stability by tracing the time course of activity but to follow its productivity, or 
vice versa its consumption, related to the formed product. 

Carrier-fixed penicillin G amidase in the multi-ton hydrolysis of penicillin G 
is a useful example to illustrate enzyme consumption. The enzyme is applied in 
stirred tanks with sieve plates at the bottom to retain the enzyme particles when 
the product solution is drained off. The pH-value is kept constant by controlled 
feed of ammonia solution. Fresh substrate solution is refilled about a thousand 
times or more. The consumption of enzyme in such a process is below 
10 mg kg“^ (0.2 kU kg“^) of isolated 6-APA when the enzyme activity is deter- 
mined with penicillin G solutions at 28° C and pH 8.0. Under identical conditions 
the consumption of soluble enzyme for each tank filling would be beyond all 
reasonable cost. 

Cross-linked crystals of lipase from Candida rugosa (CRT) were applied in 
the resolution of racemic ketoprofen chloroethyl ester. In batch-wise operation, 
the half-life of the catalyst was reached after about 18 cycles or, in terms of en- 
zyme consumption, about 5.6 g of enzyme protein were consumed to prepare 
1 kg of (S) -ketoprofen. CRT suffers from a low specific activity towards this 
poorly water-soluble substrate which may explain the high enzyme input [117]. 

When cross-linked crystals of thermolysin were applied in peptide synthesis 
in ethyl acetate, they were stable for several hundred hours at amazingly low 
enzyme consumption, whereas a soluble enzyme preparation became inactive 
within a short period of time. Again it is worthwhile to consider the quality of 
the soluble enzyme preparation. When soluble thermolysin was stored in mixed 
aqueous-organic solutions, it lost about 50% of its activity within the first day 
of incubation only to be then quite stable for the next 15 days. It is possible that 
the initial inactivation was caused by an unstable fraction of thermolysin and 
that crystals of thermolysin no longer contained this unstable fraction [118]. 
Productivity comparable to that of crystals was achieved with thermolysin 
adsorbed on Amberlite® XAD-7 resin which was employed in continuous plug 
flow reactors with tert-amyl alcohol as solvent [119]. 
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With regard to purity, quality, and formulation, and hence to cost considera- 
tions, it can be useful to define “productivity” as the fermentation volume re- 
quired to prepare the immobilized enzyme activity needed to synthesize a cer- 
tain amount of product. 

This is useful when the overall performance of an immobilized enzyme cata- 
lyzed process has to be competitive with other technologies, such as preparation 
of the desired product by fermentation or by whole cell biotransformations. 

6 

Conclusions 

Enzymes have achieved acceptance as catalysts in the synthesis of chemical 
compounds, particularly in the fine chemicals industry for the manufacture of 
enantiopure compounds. Immobilization of enzymes is a useful tool to meet 
cost targets and to achieve technological advantages. Immobilization enables 
repetitive use of enzymes and hence significant cost savings. From the techno- 
logical point of view, immobilized enzymes can easily be separated from the 
reaction liquid and make laborious separation steps unnecessary. Additional 
benefits arise from stabilization against harsh reaction conditions which are 
deleterious to soluble enzyme preparations. Due to the wide variation in the 
properties of the individual enzyme species and due to the varying require- 
ments of reaction technology for the target compounds it is advisable to exploit 
fully the wealth of methods and techniques of immobilization. Which of the 
available methods is the best in the end will be decided by both the specific tech- 
nical requirements and the overall business framework. 
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Natural phospholipids can be completely modified with a group of hydrolytic enzymes found 
in living organisms. Phospholipase Aj, phospholipase Aj, and 1,3-specific lipases are hydro- 
lases which can selectively cleave the ester bonds at position snl and sn2. The compounds of 
partial hydrolysis can be reacylated chemically. Each of the compounds obtained can then be 
modified with the very efficient phospholipase D which can effect polar head substitution in 
the presence of an alcohol as a phosphoryl acceptor. The enzymes from bacterial sources are 
readily available from culture broth and are highly selective. Phospholipase C can be used to 
obtain diacylglycerol and organic phosphates as hydrolysis products. The sequential use of the 
latter enzymes allows the preparation of organic diphosphates. The factors affecting the 
specificity and selectivity of these enzymes is discussed. 
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1 

Phospholipids 

Glycerophospholipids (PL) are abundant lipid components found in Nature [1]. 
Most vegetable oils, fish oil and egg yolk are particularly rich in mixtures of 
phospholipids. They are characterized by the presence of a polar head and two 
fatty acid chains in the apolar part of the molecule. The two acyl chains mainly 
consist of saturated fatty acid residues in the snl position and mainly 
(poly)unsaturated fatty acid chains in the sn2 position. Mixtures of phospho- 
lipids at low cost are obtained from the degumming process of vegetable oils. 
Lecithin, the main component of the mixture, has the polar head characterized 
by the choline residue. It is usually defined as phosphatidyl choline (PC) and it 
is understood that the composition of the apolar part is composed of mixtures 
of fatty acid residues dependent to a large extent on the source of the raw mate- 
rial (fatty acid chains composition of PC from soy beans: palmitic 11.6%, stea- 
ric 3.4%, oleic 4.6%,linoleic 66.4%,linolenic 8.7%). Scheme 1 shows a PC with 
two defined acyl chains at the glycerol backbone: l-palmitoyl-2-linoleoyl-s«- 
glycero-3-phosphocholine (PLPC). 




Scheme 1. The 4 major phospholipases in phospholipid transformation (l-palmitoyl-2- 
linoleoyl-s« -glycero-3-phosphocholine shown) 



PC is commercially available with different degrees of purity with respect to 
phospholipids characterized by different polar heads. Other minor natural 
phospholipids can also be obtained by extraction and crude purification of raw 
materials. Recently, phospholipids are finding increasing applications in the 
most diverse fields of application as is witnessed by a vast technical and scientif- 
ic literature [2-4]. Due to their amphiphilic properties they find applications in 
the food industry as surfactants and emulsifiers [5]. PC is employed for this pro- 
perty as a lung surfactant in the treatment of the neonatal respiratory distress 
syndrome [6]. Phosphatidyl serine has useful pharmaceutical properties and is 
used as a dietary supplement while other phospholipids are employed in the 
cosmetics field [7, 8]. Liposome technology makes considerable use of chemi- 
cally defined phospholipids of (semi)synthetic origin in the field of drug 
delivery [9-15] while special phospholipids are designed as drug targeting 
molecules or pro-drugs [16-19]. Labeled phospholipids are required for funda- 
mental biochemical studies [20-23]. An entire class of phospholipid analogues 
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is in use for antitumor and antiviral applications as inhibitors of mitogenic 
signal transduction [24-28]. Some natural or modified phospholipids are pro- 
posed for their antioxidant properties [29-32] while other new PL are required 
for diverse applications [33-35]. 

Natural PL having a defined polar head other than choline are relatively more 
expensive than PC itself. PL with identical, defined acyl chains at the two posi- 
tions are less accessible, while PL defined in their polar head with two different 
acyl chains can be considered as rather sophisticated compounds for complex 
synthesis [36]. Their preparation requires the use of enantiomerically pure 
glycerol equivalent synthons and the extensive use of protective groups and 
activating agents. 

2 

A Biocatalytic Approach to Modified PL 

There are several reasons why a biocatalytic approach to structurally defined PL 
is desirable: the first concerns the aim to reduce the amount of chemical reagents 
to be used in the synthetic steps. PL are non- crystalline materials difficult to 
purify and of limited stability. Their purification often requires chromatogra- 
phy. Due to their ability to form aggregates with a wide variety of compounds of 
different classes their separation from unreacted material is not always an easy 
task. This fact is of particular concern since the destination of PL is often in the 
food, cosmetics, and pharmaceutical field. Enzymatic catalysis is expected to 
simplify the purification procedure. Moreover, due to their intrinsic selectivity 
and specificity it is expected that fewer by-products will be formed. Another 
consideration associated with PL purification is that, in case of incomplete reac- 
tion, possible impurities in the final product will constitute a much more accept- 
able problem if the starting materials are compounds which are already GRAS 
(generally regarded as safe) as natural phospholipids are, than in the case of 
residual chemical reagents. The potential of phospholipid modifying enzymes 
appears therefore of great interest in synthesis, particularly on an industrial 
scale. There is also the possibility to envisage a third approach to the prepara- 
tion of new or less abundant phospholipids which is the combined chemo-enzy- 
matic synthesis of PL. Such an approach for the large scale preparation of PL 
makes use of glycerol as starting material, which is stereoselectively phos- 
phorylated using glycerol kinase and a phosphate donor [37]. The glycerol phos- 
phate (GP) constitutes the crude chiral backbone which needs to he acylated and 
esterified at the phosphoric acid functionality. 

In this article we will discuss the approach to the practical synthesis of modi- 
fied phospholipids using natural PLs as starting materials, and phospholipases 
as biocatalysts. 



2.1 

Using Phospholipid Modifying Enzymes 

In Scheme 1 are shown the more common enzymes named phospholipases 
(Phases) which selectively recognize each of the four individual ester bonds in 
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the PL molecule. With the aid of these biocatalysts it is possible to remove 
(hydrolysis) or substitute (hydrolysis+reacylation or transesterification) each of 
the four residues, finally ending with an entirely modified phospholipid. This 
basic concept was proposed several years ago [38]. Recently the availability of 
new bacterial enzymes with improved phosphoryltransfer ability [39-51] has 
made it possible to prepare a large number of compounds in an efficient man- 
ner. In this operation the key step consists of the polar head substitution via a 
phospholipase D (PLD) catalyzed transfer. The modification of the chain can be 
effected in different phases of the synthesis and with different methodology. 
Some possible combinations are outlined in Scheme 2. 




DAG ODP 



Scheme 2. By combining enzymatic hydrolysis/transesterification and chemical steps, natu- 
ral and unnatural PL can be prepared from natural PC 
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Starting material is PC of natural origin, i. e., with undefined acyl chains. 

Target of the transformation are PL differing in structure and grade: 

(1) polar head modified PL with the natural acyl composition (PX^); 

(2) PC with defined (and different) acyl chains at both positions (PC^); 

(3) polar head modified PL with defined (and different) acyl chains at both 
positions (PX^); 

(4) PC and PX with the same defined acyl chains at both positions (obtained 
from glycerophosphorylcholine, GPC); 

(5) PA of any acyl chain composition (from any PC or PX); 

(6) DAG and organic mono- and diphosphates. 

The general strategy for reaching the goals in points 1-5 will be briefly com- 
mented on. A more detailed discussion of the various reaction pathways will be 

given using specific examples. 

( 1 ) Polar head exchanges rely on the wide substrate specificity of PLD from bac- 
terial sources. From low molecular weight primary alcohols to large second- 
ary ones, many structurally diverse compounds have been shown to be sub- 
strates for PLD with different yields and selectivity (path c). The hydrolysis 
compound phosphatidic acid (PA) will be present as a by-product. 

(2) Insertion of defined acyl chains requires selective recognition of the two snl 
and sn2 positions. In the hydrolysis direction this is easily achieved although 
it can be laborious in practice. Hydrolysis with an enzyme having phospho- 
lipase Aj (PLAj) activity gives the (yso-compound. Ghemical acylation gives 
a compound with defined acyl chains at the snl position. Further phospho- 
lipase A 2 (PLA 2 ) hydrolysis and chemical reacylation gives a PC^ which has 
been modified in both acyl components. The direct transesterification reac- 
tion with the same enzyme would constitute a considerable advantage in the 
transformation. Acyl chain transfer with both types of enzymes is not effi- 
cient enough. A second and simpler way is to use as a starting material PC 
or PX with the same and defined acyl chains prepared by acylation of GPC 
(obtained by path e). 

(3) From PC^ transphosphatidylation gives the PX^ modified in its polar head. 

(4) PC and PX of this type are best prepared from GPC obtained by chemical 
hydrolysis of natural PC (e) and subsequent chemical acylation. From this 
kind of PC, PX are obtained by PLD catalyzed transesterification. PLA^ or 
PLA 2 hydrolysis of these compounds and chemical reacylation allows one to 
obtain PL with different acyl chains. Since in lyso-PL the acyl chain in sn2 
position tends to migrate to the snl position, PLA 2 hydrolysis gives a more 
suitable substrate for further acylation. 

(5) From each of the previously obtained PC and PX, the corresponding PA can 
be obtained in practically quantitative yields. 

(6) Phosphatidylcholine specific phospholipase C (PLC) can be used for the 
hydrolysis of PC (and PX) affording natural diacyl glycerol (DAG ) and 
choline phosphate (CP) (or corresponding organic phosphate, OP). Trans- 
esterification has not been observed with this enzyme. The substrate speci- 
ficity is less broad than desirable for the synthesis of OP that is otherwise 





132 



S. Servi 



difficult to access. Phosphatidylinositol specific phospholipaseC (PLCpi) can 
afford inositol phosphate (IP) by hydrolysis, and inositol alkyl phosphates 
(lAP) by transesterification. 



2.2 

Phospholipases 

Phospholipases form a large class of lypolytic enzymes that are well distributed 
in most living organisms [52]. Since phospholipids are components of the cell 
membranes, the role of phospholipases in vivo is to hydrolyze membrane phos- 
pholipids, thus generating smaller molecules which are considered as second 
messengers or membrane signaling agents. Their function is of paramount 
importance [53, 54] . The literature on the mechanism, function, structure activi- 
ty, relationship etc. for these enzymes is so rich and complex that a simplifica- 
tion cannot even be attempted. Only aspects concerning application in biocata- 
lysis will be accounted for. 

Four major enzymes are involved in the transformation of PL. Each of them 
is specific for catalyzing the hydrolysis of the ester bond indicated. PLA j and 
PLA 2 recognize the carboxyl esters in the molecule and they are therefore hydro- 
lases that are in some respect similar to lipases. PLC and PLD hydrolyze the 
phosphate ester bonds being therefore more similar to phosphatases and phos- 
phodiesterases. Overall, the substrate specificity of these enzymes is rather broad. 
Numerous other phospholipases more specific for a particular type of PL ( lyso 
compounds), a specific polar head (phosphatidyl inositol is hydrolyzed by a 
specific PLC, PLCpj) are of less general availability and utility for biocatalysis. On 
the other hand, less specific hydrolytic enzymes (1,3-specific microbial lipases) 
can be used for phospholipid modification displaying the function attributed to 
PLAi . Phases have the common feature of being catalytically active towards 
glycerophospholipids as a common class of substrates. They are therefore able 
to recognize and hydrolyze water insoluble substrates like lipases do with tri- 
glycerides. The mechanism and the substrate aggregation required for their action 
are diverse and still the subject of debate and research [52]. The uncertainty 
regarding the complete substrate specificity of these enzymes is increased by the 
fact that phospholipids exist in many different aggregated forms in water. 
Synthetic short-chain phospholipids and (yso-phospholipids either exist as 
monomers or as micelles. At concentrations below their critical micellar con- 
centration (CMC) they are monomeric, while above that concentration they 
form micelles. The CMC of a particular phospholipid decreases with increasing 
fatty acid chain length. It can vary from 10 mmol 1“^ for dihexanoyl PC to 
10“^ mmol 1“^ for dipalmitoyl PC [1]. While these values have to be seriously 
taken into account when performing kinetic studies, they are less crucial in the 
context of biocatalytic applications in synthesis. Since one of the main goals of 
biocatalysis is to achieve transformation in as high as possible space-time yields, 
under practical conditions the phospholipid substrates will always be above 
their CMC. The kinetics of phospholipase catalyzed hydrolysis strongly depends 
on the aggregation state: some of these enzymes hydrolyze aggregated sub- 
strates faster than monomeric ones. The rates with monomeric substrates are 
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usually quite low. This holds especially for phospholipase A 2 (PLA 2 ) [55] for 
which kinetic information is obtained with sophisticated investigation techni- 
ques [56]. In this case, the use of a surfactant for the formation of mixed micel- 
les can improve the reaction rates. Again, this technique is of little interest from 
a preparative point of view for the problems associated with phase separation 
and product recovery in the presence of considerable amounts of surfactants. 
PLC and PLD behavior is apparently less influenced by interfacial phenomena, 
although they tend to be active at the interface. PLD activity depends on the 
interfacial area as proved by experimental data [57]. The behavior of PLA 2 and 
PLC in mixed micellar systems has been extensively investigated because knowl- 
edge of their specificity is important in interpreting the action of these enzym- 
es on natural membranes [58]. However this information is difficult to transfer 
to a preparative scene. Most of the extremely vast literature concerning these 
enzymes is on fundamental biochemical studies. 



2.2.1 

Enzyme Source for Biocatalysis 

The PLAj (phosphatidylcholine 1 -acyl-hydrolase, EC 3.1.1.32) hydrolyzes gly- 
cerophospholipids at the snl position giving a fatty acid and a lysoPL as pro- 
ducts. It has a rather broad substrate specificity. Enzymes with PLAi activity 
have been well characterized in guinea pig pancreatic lipases and from other 
sources [59-62]. The same activity has been found in Aspergillus oryzae [63] 
and in Serratia [64] . However, enzyme preparations or microorganisms also dis- 
playing PLAj activity are readily accessible in microorganisms like Rhizomucor, 
Mucor javanicus, A. niger and others [65-68]. Some of these enzymatic pre- 
parations are commercially available [65]. They can be used for hydrolysis in 
emulsion systems in a free or immobilized form. Their tendency to catalyze a 
transesterification can be synthetically useful in systems of controlled water 
activity with a conversion of up to 60% [69]. Phospholipase A 2 (PLA 2 , phos- 
phatidylcholine 2-acyl-hydrolase, EC 3. 1.1.4), hydrolyses L-a-phosphatidylcho- 
line (PC) to L-a-lysophosphatidylcholine (LPC) and fatty acid. It also accepts as 
substrates phosphatidylethanolamine (PE), PA and other PL. Pancreatic PLA 2 , 
the most easily accessible enzyme source, requires surfactants for the hydrolysis 
of PC. For biocatalytic applications the enzyme from invertebrates (bee or snake 
venom (Crotalus adamanteus, Naja naja, Crotalus atrox)) are more often used. 
Other sources are mammals (bovine pancreas, porcine pancreas) [70] and 
microbes (Streptomyces violaceoruber, S. cinnamomeus, S. griseus) [71, 72]. Use 
of this enzyme allows the removal/replacement of the acyl chain in position snl 
either via hydrolysis and subsequent chemical reesterification or through direct 
interesterification with an acyl donor. Hydrolysis reactions are much more effi- 
cient than transesterifications. Quantitative removal of the acyl chain in posi- 
tion snl can be effected in mixed micelles but biphasic systems are preferred 
because of the easier isolation of the product [9, 10, 35, 73-75]. Reactions other 
than hydrolysis occur with limited yield. The direct interesterification of PC 
with myristic acid in the presence of immobilized PLA 2 from different sources 
has been reported to give up to 43% incorporation of the myristoyl group in 
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position sn2 [76]. Starting with sn2-lysoPC modest incorporation of fatty acids 
has been obtained either in a biphasic system or in an organic solvent with low 
water content [77-81]. PLA 2 is specific for PLs with the natural absolute con- 
figuration at position sn2 [82-84]. This property could be used with advantage 
in the resolution of racemic PLs or in assessing the absolute configuration of PLs 
of different origin. Interestingly, this enzyme has been shown to be susceptible 
to the chirality of the P atom [85]. Two important enzymes with phospholipase 
C activity are available for phospholipid modification: the so-called PC specific 
PLC [EC 3. 1.4.3] in fact accepts quite a number of other PLs with a different 
polar head. It can be obtained from strains of B. cereus [86-90] as well as from 
Clostridium welchii and C. perfringens [91 ] . These enzymes have rather different 
substrate specificity and requirements. The PLCpc more often used is the enzyme 
from B. cereus. It is secreted outside the cell and the activity can be isolated with 
a rather simple procedure. PLC which hydrolyses phosphatidyl inositol (PLCpi) 
[EC 3.1.4.10] can also be obtained from B. cereus andB. thuringiensis [92]. Appli- 
cation in the production of inositol phosphates has recently been reported [93]. 

PLD has a very broad distribution in living organisms. It was first isolated in 
various kind of cabbage and has since been recognized in a number of plants 
including ricinus, castor beans, spinach leaves, soy beans and others [94-102]. 
PLD found in yeast is a mitochondrial enzyme not used in biocatalysis [177, 
178]. Numerous bacterial sources are rich in PLD. The enzyme can be obtained 
in the culture broth of various strains of Streptomyces [39-51] where it can be 
recognized directly with simple spectrophotometric methods on synthetic 
phospholipid analogues [103] or by measuring the choline formed from PLD 
catalyzed PC hydrolysis by combined enzymatic assays [104]. 

Table 1 collects the properties of some common PLD from different sources [43]. 



Table 1. Properties of PLD from different sources for biocatalytic applications [39-51] 



Source 


Molecular 
mass (KDa) 


Isoelectric 

point 


pH 

optimum 


Specific 
activity (U/mg) 


Activation 

factors 


Ref 


PMF 


53.8 


9.1 


4.0-6 


42 


_ 


[43] 


S. hachijoensis 


16 


8.6 


7.5 


631 


+ 


[47] 


S. lydicus 


56 


7.4 


6 


2390 


- 


[104] 


S. chromofuscus 


57 


5.1 


7-8.5 


152 


+ 


[50] 


S. species 


46 


4.2 


5.5 


200 


+ 


[176] 


Cabbage 


90 


4.7 


6-7 


1492 


+ 


[98] 



3 

Polar Head Modification 



3.1 

Phosphoryl Transfer 

The synthetic utility of hydrolytic enzymes is greatly enhanced when they are 
able to catalyze effectively the reverse reaction of ester formation. With most 
hydrolytic enzymes the presence of water in the reaction medium practically 
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prevents an ester synthesis since the equilibrium is completely shifted toward 
the formation of the hydrolysis products. Phospholipase D [EC 3. 1.4.4] PLD is a 
unique enzyme in this respect since it is able to transfer the phosphatidyl moiety 
to an alcohol acceptor in the presence of more than stoichiometric amounts of 
water in the medium. The result of the transphosphatidylation reaction cata- 
lyzed by PLD is the formation of a new phospholipid modified in its polar head 
group (PX). This is usually accompanied by variable amounts of the hydrolysis 
product phosphatidic acid, PA (Scheme 3). 
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Scheme 3. PLD catalyzed polar head exchange gives a new phospholipid PX and PA as a by- 
product 



This reaction constitutes by far the most synthetically useful phospholipid 
transformation catalyzed by a phospholipase [105-113]. Although this reaction 
has been known and exploited in PL modification for a long time [105, 1 13 - 1 15] 
the mechanism of PLD catalysis is still obscure. In analogy with other hydrolytic 
enzymes it is believed to occur with formation of an enzyme-substrate inter- 
mediate via a ping-pong mechanism, modified by a hydrolytic branch, from 
inhibition experiments showing the presence of an essential SH group in cabbage 
Phases [114] and from kinetic experiments in an emulsion system in bacterial 
Phases [57]. A common phosphatidyl-enzyme complex for the hydrolysis and 
transesterification reaction has been demonstrated by studying the intermedi- 
ate partitioning between competing acceptors of different phospholipid sub- 
strates with the same nucleophile in a biphasic system [57]. Recently, the presence 
of an essential lysyl residue in the active site has been suggested [116]. Experi- 
ments with PC chiral at the phosphorus atom by dissymmetrical substitution 
with labelled oxygen atoms have proved that the reaction occurs with an overall 
retention of configuration at the P atom, in agreement with a double inversion 
(formation of a covalent intermediate with inversion and then a second inver- 
sion due to the action of the oxygen of the alcoholic group acting as a nucleo- 
phile) [85, 117]. It has been proposed that the two functions of hydrolysis and 
transesterification reside in two different enzymes [118]. However this possi- 
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bility has been ruled out, mainly by the fact that homogeneous proteins from 
several different sources catalyze both reactions. It remains to be explained why, 
while Ca^'^ is required by PLD in hydrolysis reaction, the transphosphatidylation 
appears not to be favored by the presence of the metal ions in some specific cases 
[119]. It is recognized in general that at least with some PLDs the influence of 
Ca^"^ in the transesterification reaction is much less pronounced than in the 
hydrolysis of the same substrates. Interestingly, it has recently been observed 
that Ca^'^ dependence in cabbage PLD is pH dependent [99]. In a recent work 
Bruzik et al. [93] compare the mechanism of different phosphoesterases and 
their tendency to catalyze efficiently the transesterification reaction by dividing 
them into three groups (Scheme 4). 

The first group of enzymes presumably form a phosphoryl- enzyme interme- 
diate which can interact with the two competing phosphatidyl acceptors, water, 
and alcohol. The nature of the B 2 binding site will probably influence the selec- 
tivity, i.e., the ratio between the ester formed and the hydrolysis product. The 
authors propose that PLD belongs to this family together with alkaline phos- 
phatases and phosphodiesterases. Phosphatases and phosphodiesterases are 
also known to be active under the reverse hydrolysis conditions, although in a 
much less efficient manner [120- 123]. The enzymes of the second group act on 
substrates with a free hydroxyl group participating in the formation of an inter- 
mediate cyclic phosphate which might evolve into the hydroxy ester of the open 
form corresponding to the hydrolysis or transesterification product. The forma- 
tion of the latter has been observed with PLCpi giving rise to an interesting syn- 
thetic application [93] (see Sect. 5). To this group of enzymes belongs the 
ribonuclease A [124, 125]. PLD and PC specific phospholipase C (PLCpc) have 
been reported to give cyclic intermediates from substrates possessing free 
hydroxyl groups that are a few carbon atoms apart from the phosphate group 
[126, 127]. PLCpc from B. cerens, however, has not been reported to give transfer 
reactions. The usual pathway by which hydrolysis by PLCpc occurs is the one 
referring to the third group of enzymes. This mechanism is supported by the 
crystal structure of the enzyme showing the presence of one activated water 
molecule which directly performs the nucleophilic displacement [128]. For this 
last group of enzymes, to which the enzyme hydrolyzing inositol- 1 -phosphate 
(inositol monophosphatase) [129] also belongs, one single report describes a 
transfer reaction catalyzed by PLC from Clostridium prefringens [130]. In the 
reaction of PC with M-oleoylsphingosine the phosphorylcholine moiety is trans- 
ferred to M-oleoyl sphingosine with formation of sphingomyelin. This reaction 
is potentially of great interest, but its generality has not been further investi- 
gated. PLC from Bacillus cereus was reported not to catalyze the same transfor- 
mation. The transfer of the phosphorylcholine moiety to an acceptor alcohol 
would allow the preparation of phosphodiesters. 



3.1.1 

Role of Solvents 

Natural phospholipids with long chain fatty acids are soluble in organic solvents 
and insoluble in water in the absence of a surfactant. The typical configuration 
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Scheme 4. Enzymes having phosphoric esters as substrates grouped by mechanism analogy (adapted from [93]) 
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for the modification of the polar head is a biphasic system water-organic solvent 
which will eventually form an emulsion. In this system, the enzyme is initially 
dissolved in the water phase containing buffer and metal ions as activators (if 
required) together with the alcohol (if water soluble), while the organic phase 
will contain the PL and eventually the alcohol (if water insoluble). The rate and 
selectivity of the phosphatidyl-transfer reaction of course depends on the en- 
zyme source, the nature of the alcohol acceptor and its concentration, but it also 
appears to be profoundly influenced by any parameter which can affect the 
phase behavior and the partition coefficient of both the phospholipid and the 
protein. It is well known that phospholipids tend to form stable complexes of 
varying stoichiometry with proteins [131 - 133]. These aggregates are stable and 
bring the protein in the organic phase. They are one of the first examples of the 
catalytically active derivatised [134] or lipid coated proteins reported recently in 
the literature [135]. It has been demonstrated that lipid coated phospholipase D 
is catalytically active in organic solvents [136]. It is then reasonable to believe 
that the catalytic reaction can readily occur both in the aqueous phase (espe- 
cially with water soluble alcohols as acceptors) and in the organic phase (when 
dealing with water insoluble alcohols). Of course, the selectivity of the reaction 
in the two phases might be different. The nature of the complex between the pro- 
tein and the phospholipids has been attributed in part to the formation of ionic 
pairs between the basic residues of the protein and the acidic part of the phos- 
pholipids (when present). During the PLD catalyzed transformation of phos- 
pholipids their nature is changing: hydrolysis produces an acidic species while 
transesterification might produce new phospholipids that are acidic (PG for 
instance) or neutral (PC analogues) in nature. The partition of the biocatalyst 
between the two phases is therefore likely to change even during the reaction 
progress. The nature of the solvent will have a prominent part in the biotransforma- 
tion due to the possibility of forming a wide range of different aggregation states. 
Due to the strong interaction solvents-phospholipids-proteins, the presence of 
the organic solvent is considered to enhance the enzyme stability greatly. This has 
been verified, for instance, in the case of the highly purified cabbage enzyme 
[137]. Other authors consider the organic solvent to act as an activator [138]. 



3.1.2 

Transfer to Primary Alcohols 

The ability of PLD to catalyze the phosphoryl transfer to a primary alcohol has 
been recognized in the cabbage enzyme and exploited for the modification of 
natural PC (Scheme 3). The substrate specificity of this enzyme, which has been 
the only commercially available bioocatalyst for a long time, has been reviewed 
[105]. Considerations on the enzyme specificity concern the nature of the phos- 
pholipid in its polar head and the acyl chains, and the nature of the acceptor 
alcohol. The best substrate of the cabbage enzyme is phosphatidyl choline. The 
nature of the acyl chains changes the kinetics of the reaction but this can be 
attributed mainly to the influence of the chains on the phase properties of the 
PL. This goes together with the medium and additives used in the reaction, and 
a rationale of the influence of the chain composition isolated from the medium 
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engineering is not available. Small water soluble primary alcohols have been 
considered as co-substrates in the reaction catalyzed by the cabbage enzyme. 
Acceptors like ethanol are so efficient that the formation of phosphatidylethanol 
(PEt) provides the basis of an assay for the presence of PLD or ethanol [139, 140]. 
Among secondary alcohols, only 2-propanol has been used successfully. Large 
hydrophobic primary alcohols are not good acceptors which means that the 
hydrolysis reaction becomes prevalent. 

The reaction of phosphoryl transfer acquires a preparative value when high 
ratios between the formed PX and PA are obtained, taking into account the dif- 
ficult purification of PL in general. The concentration of the alcohol in the water 
phase influences the selectivity. Phosphatidylglycerol (PG) 3 (Scheme 5) can be 
obtained with very high selectivity using 10 mol 1“^ glycerol solution as the 
aqueous phase [141]. Both l- and o-serine are accepted for the preparation of the 
corresponding phosphatidylserine (PS) 4 and 5 with a rather low discrimination 
of the two enantiomers [142- 145]. The reaction appears in general not to be ste- 
reoselective with respect to chiral or prochiral alcohol donors. This is related to 
the presence of free hydroxyl groups on stereogenic carbons in the acceptor 
molecules (see Sect. 3.1.4). PLD from bacterial sources, in particular from Strep- 
tomyces, are superior to the enzyme from cabbage from a preparative point of 
view. They can be obtained in the culture broth of easily grown non-pathogenic 
bacteria, and they can be used without further purification as biocatalysts 
(Table 1) [39-51]. They have a very wide substrate specificity as indicated in 
Scheme 5, e.g., a series of PE analogues 10-13 can be obtained in very high 
yields and selectivity [146]. Phosphatidyl genipin 15 and phosphatidyl arbutin 
16 incorporate large bioactive molecules from natural sources [147, 148]. The 
idea of preparing PL bearing a pharmacologically active molecule in the polar 
head has produced a number of new molecules including phosphatidyl nucleo- 
tides 17 proposed as antivirals [18], phosphatidyl ascorbic acid 19 for its anti- 
oxidant activity [149], or a phospholipid 20 containing a modified sialic acid 
moiety as an enzyme inhibitor [17]. Compound 18 has also been prepared using 
PLD from Streptomyces as a biocatalyst in good yield [150]. The compound is used 
in the preparation of sterically stabilized liposomes (stealth liposomes) [13]. 

All these compounds and many others cited in the technical and patent liter- 
ature [7-23] can be obtained in variable yields and purity. What makes the 
method attractive is that many structurally diverse compounds can be prepared 
with a single strategy and one biocatalyst. The method is used for the large scale 
preparation of the most common commercial PL like PS, PG, and PE with 
mixed acyl chains. One of the general strategies to industrial compounds with 
defined acyl chains, as already mentioned, is to prepare glycerophosphoryl- 
choline (GPC) by hydrolysis of natural PC (path e. Scheme 2), chemical reacyla- 
tion and exchange of the polar head via PLD catalyzed transesterification. 



3.1.3 

Transfer to Secondary Alcohols 

Recently, the preparation of new PL has been reported, obtained by the transfer 
of a phosphoryl moiety to a secondary alcohol (Scheme 6). With PLD from 





140 



S. Servi 




Scheme 5 . Phospholipids with polar heads of various types obtained by PLD catalysed trans- 
phosphatidylation from PC and primary alcohols (PI = phosphatidyl-) 



Streptomyces the reaction occurs in a synthetically useful manner [151]. The PL 
obtained from PC and cyclopentanol 21, cyclohexanol 22, cyclohexanediols 23, 
24, 27, and related structures like 24 and 25 are obtained in a biphasic system. 
Interestingly, all the alcohols used are water insoluble compounds. 

The attempt to obtain structural analogues to phosphatidyl inositols failed. 
Trihydroxy-cyclohexanes proved not to be substrates of such enzymes, like myo- 
inositol itself and derivatives [151]. The PLD isolated from spinach leaves was 
reported to be able to give PI as a transphosphatidylation product from PC and 
inositol [94]. To our knowledge no further exploitation of this method has 
followed the original article. Other authors have reported the formation of 




Phospholipases as Synthetic Catalysts 



141 



PI yvw- O 

21 

OH 

24 



PI^O 






Pl/V'^O 



OH 



22 



23 



OH 



pi^o.jC::::f7 pivw-o^C:::::^oh 



25 



Plwv^O^_ 

26 27 





28 



29 



30 



Scheme 6. Possible transphosphatidylation products from PC and secondary alcohols 




bis-phosphatidyl inositol starting from PI and a PLD preparation obtained from 
cauliflower florets [152]. This has to be considered as a new enzymatic activity 
as compared with the cahhage phospholipase of common use. In fact, the report 
is quite in contrast to what is reported in the literature for that enzyme [105] 
which considers PI not to be a substrate for cabbage PLD. The authors describe 
the formation of compounds of type 30 as a mixture of regioisomers. From these 
two examples one can argue that prohahly some of the numerous PLD prepara- 
tions from higher plants could be used for the synthesis of modified PL The use 
of inositols as acceptor alcohols in the transphosphatidylation reaction is of 
interest both from a mechanistic and from a synthetic point of view: synthesis 
of phosphatidylinositols and their analogues is the target of intensive research 
due to the biological implication associated with these compounds. Secondary 
alcohols are inferior as acceptors to primary ones. Competition between the two 
kinds of functionalities results in the exclusive formation of one product as is 
proved by the synthesis of PG from glycerol and PC. Nevertheless, secondary 
alcohols can be profitably used for the formation of useful derivatives. Table 2 
compares the results obtained from transphosphatidylation reactions using 
natural PC as a substrate and 1 mol 1“^ alcohol solutions as acceptors in a bipha- 
sic system (ethyl acetate-acetate buffer pH 5.5, 0.1 mmol 1“^ Ca^"^, PLD from 
Streptomyces PMF 30 U/g of substrate at 25 °C) [146]. The table reports the time 
in minutes at which half of the substrate has disappeared as measured by HPLC 
with UV detection at 205 nm (ti/ 2 ), the time in minutes at which all the starting 
PC has disappeared (tf) and the ratio for the selectivity of the reaction (i. e., the 
PX/PA ratio at ti/ 2 ). In the fifth column of Table 2 the apparent purity of the PL 
obtained at the end of the reaction as measured by HPLC is indicated. Please 
note that the PX/PA ratio is not always congruent with the final purity of the pro- 
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Table 2. Comparison of kinetic and selectivity data in the PLD catalyzed transphosphatidyla- 
tion reaction of PC with primary and secondary alcohols (PLD from S. PMF, ethyl acetate/ace- 
tate buffer pH 5.5, 1 mol 1“* alcohol, 150 mmol 1“* PC, 25°C, 30 U/g substrate) ti/ 2 =time in min 
of consumption of half of the starting substrate. tj= disappearance of PC (HPLC) [146] 



Alcohol 




ti /2 (min) 


tf (min) 


PX/PA (tic) 


PX % (HPLC) at tf 


3 


18 


>100 


95 


8 


150 


59 


76 


5 


10 


7 


87 


13 


75 


5 


90 


120 


1310 


1.5 


75 


53 


430 


1.1 


42 


7 


90 


8.5 


87 


21 


300 


1 


70 



duct. In fact, it has been noted that the rate of PA formation is not the same 
during the entire reaction course. PA is formed relatively more rapidly at the 
beginning of the reaction. A simple comment to the data is that primary alcohols 
reacts faster than secondary ones, but that this is not solely dependent of the 
nature of the alcoholic group: cyclopentanol is more reactive and the reaction is 
more selective if compared, for instance, with iV,M-dimethyl propanolamine. 
A rationale to this behavior is unclear. Some of the large new phospholipids 
formed are less prone to hydrolysis: which results in a higher selectivity. 

3.1.4 

Multiple Hydroxyl Groups 

When more than one hydroxyl group is present in the acceptor, the newly 
formed phospholipid PX has a free hydroxyl group, thus potentially being also a 
phospholipid acceptor. Moreover, intramolecular displacement can occur. Thus 
polyhydroxy compounds constitute a special class of substrates (Scheme 7). 

From the reaction of PC in the presence of glycerol, the initially formed PG 
presents one primary and one secondary hydroxy group. Thus, one molecule of 
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Scheme 7. Formation of dimeric compounds catalyzed by PLD [153, 154] 



PG can act as a donor to a second molecule acting as an acceptor, thereby 
forming diphosphatidylglycerol (cardiolipin CDL) as a product. The formation 
of this common membrane PL has been observed in the presence of PLD from 
cabbage but only in trace amounts [1 19]. In more recent work it has been shown 
that, using PLD from Streptomyces as a catalyst, cardiolipin is formed in good 
yields and for longer reaction times the product can be obtained in substantial 
amounts [153]. This constitutes a drawback in the synthesis of PG from PC, but 
in this particular case the enzyme from cabbage should give a product with no 
CDL. In a similar reaction, one unit of DAG formed in vivo by the action of PLC 
on PC can act as a nucleophile on another PC molecule giving rise to the for- 
mation of bis-phosphatidic acid. This reaction has been observed in vivo and, 
although deprived of synthetic interest, it is remarkable in that the transphos- 
phatidylation ability of PLD could play the role of signal attenuation due to the 
consumption of the second messenger DAG generated by PLC hydrolysis. The 
transesterification ability of PLD in vivo otherwise has no explanation [154]. 
Other authors have shown in bacteria that a remodeling of the membrane phos- 
pholipids can occur in the presence of exogenous alcohols by PLD catalysis 
[155]. The PG which is prepared from PC and glycerol is obtained as a mixture 
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of two diastereoisomers. which has been attributed to the lack of stereoselec- 
tivity of the biocatalysts. Moreover, there has long been uncertainty about the 
absolute configuration of the glycerol moiety of the polar head in natural PG, 
which was based on the examination of the configuration of glycerol phosphate 
(GP) obtained in the PG hydrolysis catalyzed by PLC [156]. Recently, two dia- 
steroisomers PG 35 and 36 (Scheme 8) bearing the absolute configuration at the 
sn2 position of natural PL have been prepared starting from the two enantio- 
merically pure solketal 31 and 32 through the intermediates 33 and 34. 
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Scheme 8. Synthesis of two diastereoisomeric forms of PG [157] 



PG 35 has the configuration at the polar head glycerol unit attributed to natu- 
rally occurring PG [157]. The preparation of diastereoisomerically pure 35 and 
36 has not solved the uncertainty associated with the configuration of these 
compounds obtained with Phase catalysis. However, a better understanding 
comes from the consideration of the literature concerning the PLCpi,PLCpc, and 
PhD catalyzed hydrolysis of some PL bearing free hydroxyl groups three to four 
atoms away from the P atom (Scheme 9). Entry I in Scheme 9 shows the mecha- 
nism of hydrolysis of PI catalyzed by PLCpj. This occurs [158] through the inter- 
mediate formation of the cyclic phosphodiester as indicated in Scheme 4. The 
attack of a water molecule then gives the actual hydrolysis compound. The 
second step of the reaction is believed to occur through catalysis by the same 
enzyme as a slower step which allows the intermediate to be detected. Entry II 
illustrates the mechanism proposed by Shinitzky et al. [127] for the PLC cataly- 
zed hydrolysis of PG. Studies of the chirality of the glycerophosphate obtained 
were used to establish the absolute configuration of the polar head. The forma- 
tion of the cyclic phosphate was not observed before. The authors of this work 
isolated the six-membered cyclic phosphate which was hydrolyzed chemically. 
In other studies the same intermediate was hydrolyzed by some phosphodi- 
esterase or phosphatase present in the enzymatic preparation. Similarly, phos- 
phatidyldihydroxyacetone prepared by transphosphatidylation of PC with dihy- 
droxyacetone upon hydrolysis gave the isolated cyclic phosphate [127]. Other 
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Scheme 9. Formation of cyclic phosphates in substrates hearing free hydroxyl groups [127, 
158] 



authors used the same reaction catalyzed by crude PLC preparations from 
B. cereus for the synthesis of glycerol phosphate and dihydroxyacetonephosphate 
[159]. Entry IV of Scheme 9 describes the PLD catalyzed hydrolysis of a lyso- 
phospholipid from which a five-membered ring phosphate is obtained prior to 
a phosphatase hydrolysis which can give the two isomeric phosphatidic acids. 
The reaction has been followed by NMR [126]. It appears from this work that 
in the phospholipase catalyzed hydrolysis of PL bearing free hydroxyl groups in 
a position suitable for the formation of a 5- or 6-membered cyclic phosphate the 
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intramolecular attack of the nucleophilic oxygen is favored. The cyclic inter- 
mediates can then undergo further hydrolysis catalyzed by the same enzyme or 
by a generic phosphohydrolase present in the biocatalyst. This event can then 
cause racemization (II) or isomerization (IV) of the part of the molecule in- 
volved in the reaction. 



3.1.5 

Polar Head Substitution in PL Other than PC 

Although PC is usually used as a substrate, other PL are subject to transphos- 
phatidylation reaction with external alcohols as nucleophiles. Table 3 reports 
data concerning the conversion and selectivity for the transphosphatidylation 
reaction using as substrates PC, PE, or PC and as alcohol acceptors choline (C), 
glycerol (G), or ethanolamine (E). The reactions were run at 36°C in a biphasic 
system formed by acetate buffer at pH 5.5, 1 mol 1“^ in alcohol and the PL soluti- 
on in ethyl acetate containing 30 U/g of PL, and were analyzed by HPLC at fixed 
times. The T% ratio of PX/(PL + PA-l-PX) and the PX/PA ratio are reported. The 
data indicate that, while the conversion is a function of the affinity of the en- 
zyme for the PL (the tendency is in good agreement with the apparent of the 
substrates, data not shown), the selectivity has much to do with the hydrolysis 
reaction of the substrate. Thus, the selectivity is higher with PE and PG, both 
poorer substrates of the enzyme [43]. The ability of PLD to act in transesterffi- 
cation on a variety of PL finds an application in a method to enrich the content 
of PC in a PL mixture in the presence of choline. In this way, PE was completely 
converted to PC. The ability of several different enzymes in this operation was 
compared [160]. 



Table 3. Conversion and selectivity of PLD catalyzed trans- 
phosphatidylation of different PL in an emulsion system 
(PLD from S. PMF) [43] 



Reactants 


T% 


PX/PA 


PC + G 


77 


19 


PC + E 


96 


23 


PE + G 


49 


OO 


PE + C 


26 


oo 


PG + C 


7 


OO 


PG + E 


18 


oo 



3.2 

Reaction Configuration 

Enzymatic conversion of PC to PX via transphosphatidylation reaction of PC 
has thus become an accepted industrial method for the modification of phos- 
pholipids at their polar head. The more frequent and simple application of the 
biocatalyst consists of the direct use of the culture broth in a biphasic system. 
The pH optimum and cofactor requirements for some of the most common PLD 
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are reported in Table 1. One of the major problems associated with the scaling 
up process is inhibition at high substrate concentrations which results in de- 
creased yields. The problem has been shown to be associated both with inhibition 
by the choline formed and the concentration effect displayed by this compound, 
which tends to reverse the transesterification equilibrium. Since choline is water 
soluble, the extent of the reaction also depends on the volume of the water phase. 
Removal of choline from the reaction medium is thus usually performed by 
operating in a biphasic system. When a wateriorganic solvent ratio of 2:1 is 
employed, efficient reaction can be obtained with up to 200 mmol 1“^ PC con- 
centration in the organic phase [146]. A complete removal however could be 
done by using specific choline-transforming enzymes like choline oxidase. This 
enzyme is usually used in combination with others in the enzymatic assay of 
PLD. Oxidation to the betaine releases hydrogen peroxide which needs to be 
further oxidized to dioxygen by catalase. Thus, a combination of the three en- 
zymes can be applied to the complete removal of choline from the reaction 
medium [161]. Alternatives to the configuration of the emulsion system are 
represented by membrane reactors and the use of immobilized enzymes. PLD 
has been used in a flat membrane reactor for the production of PG [137]. The 
authors claim that a continuous production can be obtained by this method. In 
this case the enzyme is dissolved in the aqueous phase. An application where the 
enzyme is immobilized in a hollow fiber membrane bioreactor is described in 
Sect. 5. Enzyme immobilization on a solid support has also been reported by 
several groups [141, 162-165]. Advantages mainly concern the prolonged 
operativity of the biocatalyst. The solubilization of PLD in organic solvents has 
been proposed by modifying the enzyme according to a technique in which the 
enzyme is brought into the organic phase by coating with synthetic lipids. The 
reaction is then performed in a biphasic system. The water phase is necessary in 
order to remove the choline formed when PC is used as a substrate. The reac- 
tion outcome is reported to occur with high yields and selectivity. The method 
requires a purified enzyme as a starting material and a derivatization step [139]. 

With the same biphasic configuration as described above, PLD can be used in 
the simple hydrolysis step for the production of PA. This has some practical 
interest for the preparation of phosphatidic acids with a range of acyl chain 
patterns. It has been observed before that PI is not a substrate for most PLD from 
different sources. The extraction of PI from natural PL mixtures is complex and 
low yielding. When a crude PL extract containing PI is treated with PLD, all PL 
present are transformed into PA while PI is unchanged. Further hydrolysis with 
a phosphatase further degrades phosphatidic acid to DAG and inorganic phos- 
phate leaving behind phosphatidylinositol as the only phospholipid component 
in the mixture from which it can be easily recovered by solvent partitioning 
[166]. 



3.3 

Modification of PL Analogues 

The broad substrate specificity of PLD from bacterial sources allows one to 
extend the polar head exchange technique to a wide range of structurally related 
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phospholipid molecules containing phosphothio ester bonds [167], plasmalo- 
gens [168, 169], or even phosphate diesters and phosphonates not characterized 
by the glycerol backbone (Scheme 10). 

Alkyl phosphocholines of type 37 constitute a new class of antitumor agents 
with interesting properties in vivo [170]. They are substrates for the PLD cata- 
lyzed transesterification with serine to give the corresponding alkyl phosphoserine 
38 [25, 26]. Surprisingly, the phosphono-analogue 39 is also a substrate for the 
transesterification allowing the preparation of a number of alkylphosphonates 
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of type 40 [27].PAF ethers 41 are also accepted as donors in the transphosphati- 
dylation reaction and have been transformed into non-natural derivatives like 
the hydroxyethylindol 42 [171]. Finally, phosphocholines in which the acyl 
chains have been removed and the diol group transformed into an acetal of long 
chain aldehydes 43 are used as substrates for cabbage PLD as shown in the 
hydrolysis to 44 [172]. The data given in Scheme 10 are quite impressive: they 
show that apparently the left part of the molecule has little influence on the sub- 
strate recognition of the PL from the PLD. This fact broadens the synthetic utility 
and applications of this enzyme. It also raises the question about the actual struc- 
tural requirements for catalysis. In fact, it is clear from the data shown in the pre- 
ceding sections that, although the choline moiety is best recognized by the en- 
zymes of different sources, it is not a strict requirement for activity. PLD then 
appears in this activity to be very near to a generic phosphodiesterase. The lack 
of structural information for these enzymes hampers further speculation on the 
catalytic mechanism and on similarity with other related enzymes. 

4 

Synthesis of Specific PL 

Other phospholipases have properties ancillary to the ones displayed by PLD in 
synthetic applications. Their utility for the synthesis of specific compounds is 
limited by their modest transesterification capacities. However, there are some 
interesting applications besides the one cited in Sect. 2.2.1. Scheme 11 shows the 
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47 Lysofungin 



Scheme 11. Chemo-enzymatic synthesis of the anti-fungal agent lysofungin [173] 
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Scheme 12. Synthesis of a phosphatidylinositol: a primary hydroxyl group is protected as the choline phosphate. The protec- 
ting group is removed with PLC [174] 
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semisynthetic approach to the naturally occurring antifungal agent lysofungin. 
This can be taken as a general approach to modified phospholipids (path a, m, 
d of Scheme 2) [173]. The synthesis uses a natural product as a starting materi- 
al. Hydrolysis catalyzed by the 1,3-specific lipase from R. arrhizus gives the lyso 
compound 46 which is isomerized to the thermodynamically more stable 47, the 
desired compound. Scheme 12 reports an application of PLC for the preparation 
of a specific DAG which is then used for the chemical synthesis of a PI with 
defined polar chains at the two positions. Chirality is introduced with the 
dissymmetrization of 48 with a lipase. Compound 49 is protected as the phos- 
phocholine 50 which is then debenzylated and acylated at the sn2 position to 
give the phosphatidylcholine 51. Deprotection is then performed by PLC hydro- 
lysis to the diacylglycerol 52. Subsequent careful functionalization affords in 
several steps 53 [174]. Recently, PLC immobilized on various supports for the 
preparation of DAG from phospholipids has been prepared [175]. 

5 

Organic Phosphates from PL 

Organic phosphates (OP) can be considered as by-products in the PLC catalyzed 
hydrolysis of PL. Since chemical phosphorylation of multifunctional com- 
pounds makes use of very reactive reagents, it requires extensive use of protec- 
ting groups and product purification. This is reflected in the high costs of several 
phosphates of complex or multifunctional molecules. The PLC hydrolysis of a 
suitable PL precursor can be considered for the preparation of organic mono- 
phosphates. In order to obtain di-phosphates from phospholipids, transesterifi- 
cation is necessary. As mentioned in Sect. 3.1, PLCpi is able to carry out such a 
transfer as has been shown recently by using several different alcohols as phos- 
phate acceptors (Scheme 13). The reaction occurs through the formation of a 
cyclic phosphate (IcP) according to the mechanism described in Scheme 4 [93]. 
IcP is the actual substrate for the transfer reaction. Twenty structurally diverse 
alcohols ranging in structural complexity from methanol to a serine containing 
tetrapeptide were transferred to give the corresponding phosphodiesters IXP in 
variable yields. The reaction was performed in water where the transesterifica- 
tion was competing with the hydrolysis. The rate was apparently insensitive 
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Scheme 13 . Formation of inositolalkylphosphates via PLCpi catalysed transesterification [93] 
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from the alcohol structure. Primary hydroxyl groups were selective acceptors in 
the presence of secondary alcohols. The reaction showed a low stereoselectivity 
in the presence of chiral alcohols. A similar transesterification capacity has not 
been recognized in PLCpc • However, B. cereus PLCpc has been used in combina- 
tion with PLD for the indirect phosphorylation of primary alcohols [159]. 

Scheme 14 shows a proposed application in which PC is transformed into 
phosphatidylsolketal (PSK). This compound is hydrolyzed by PLCpc forming the 
OP corresponding to the alcohol acceptor in the first enzymatic reaction. The 
result of the sequential use of the two enzymes, one in transesterification and 
the second in hydrolysis, corresponds to the net phosphorylation reaction. The 
reaction can be of very wide applicability if the hypothesis is verified that both 
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R'COO 



RCOO 
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- o 
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Scheme 14. Indirect enzymatic phosphorylation of primary alcohols [159] 



+ DAG 



enzymes have a wide substrate specificity. This is unfortunately only partly true 
in that PLCpc of much less wide substrate specificity than desired. However, 
this property is very much dependent on the enzyme source and reaction 
conditions, especially in the presence of surfactants. Possible substrates for the 
reaction besides PSK have been found to be PC and phosphatidyldihydroxyace- 
tone. In the PLC hydrolysis of PL, the organic phosphate is the only water soluble 
compound in the reaction mixture. Its isolation is therefore easy to accomplish, 
although the water phase contains the enzyme which needs to be recovered. A 
hollow fiber membrane bioreactor is well suited for this particular application. 
In such a system the enzyme is entrapped into the shell pores of the tubular 
membrane which is in contact with the organic phase containing the phospho- 
lipid and the DAG produced in the reaction, while the formed phosphate like GP 
passes into the water phase. A similar system can also be applied to the purifi- 
cation of the intermediate PX from the contaminant PA. Using alkaline phos- 
phatase (AP) immobilized in a membrane reactor of the same type, hydrolysis 
of the PA to DAG and inorganic phosphate occurs without affecting the PX 
(step 2 of Scheme 15). Eventually the organic phase can be passed directly to a 
second membrane reactor for PLC hydrolysis (step 3 of Scheme 15). Since PLD 
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PX phosphate 

^aqueousjines |jj pc + xOH^^PX 

organic lines El PA ► DAG + IP 

m PX ►OP + DAG 

Scheme IS. The proposed continuous production of polar head modified phospholipid (l),its 
purification by PA removal (2) and hydrolysis to the corresponding OP (3). The three enzymes 
are immobilized in hollow fiber hydrophobic membrane bioreactors [179] 



has proved to be extremely stable in the same kind of reactor, in principle three 
consecutive steps can allow a continuous production with possible withdrawal 
of the PX/PA mixture as the first product (step 1). The same mixture can act as 
the substrate for the second reactor in which the PA formed as a by-product is 
hydrolyzed, and purified PX results as the second product. The latter can be used 
as the substrate for the third reactor in which PTC operates, giving OP and DAG 
as final products [179]. 

6 

Conclusions 

Phospholipases are very versatile enzymes which allow the transformation of 
inexpensive natural products into highly valuable compounds like specific 
structurally defined phospholipids, organic monophosphates or diphosphates 
and DAG with the natural absolute configuration. Of particular synthetic utility 
is PLD from bacterial sources which is able to effect the phosphoryl transfer in 
a water-containing biphasic system. PLD shows a wide substrate specificity for 
both the polar head and the alcohol acceptors as well as for the lipophilic part of 
the molecule. The enzyme behaves like a generic phosphodiesterase with broad 
substrate specificity and high transphosphatidylation ability. The molecular 
basis of this behavior should become clear by inspection of the three-dimension- 
al structure and comparison with other phosphoric acid ester hydrolytic enzy- 
mes. The crystal structure of this enzyme has not been elucidated. The potential 
of the many different PLD from plants which show peculiar substrate specifici- 
ty should allow one to expand the synthetic utility to the hydrolysis-synthesis of 
natural and unnatural phosphatidylinositols. 
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Because of their high chemical versatility, enantiopure epoxides, as well as their correspond- 
ing vicinal diols, are recognized as being high value intermediates in fine organic chemistry, 
in particular for the synthesis of biologically active compounds in optically pure form. There- 
fore, research work aimed to set up efficient procedures allowing for the preparation of such 
target molecules has been intensively developed recendy, leading to the emergence of various 
new methods based on either conventional chemistry or on biocatalytic reactions. In this 
review, we will focus on the use of such enzymatic approaches for the synthesis of enantiopure 
epoxides. Examination of the recent literature indicates that two general strategies have thus 
been developed, i. e. (a) the formation of the epoxide ring itself from an appropriate precursor 
(in general the corresponding olefin) and (b) the resolution of racemic substrates already 
bearing an oxirane ring. Several of these approaches have been shown to allow the synthesis 
of epoxides of different structures, which were thus obtained in enantiomerically enriched or 
even enantiopure form. 
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1 

Introduction 

Among the numerous building blocks used for fine organic synthesis, epoxides 
are undoubtedly recognized as being highly valuable intermediates. As illustrat- 
ed in Fig. 1, this is essentially due to the versatility of the oxirane function which 
can be chemically transformed into numerous, more elaborate intermediates en 
route to biologically active targets. The corresponding vicinal diols, which can 
itself be used as such or can be either transformed into the epoxide itself, or 
used as highly reactive cyclic sulfate or sulfite derivatives, are similarly very 
interesting “epoxide-like” compounds [1]. 

In recent years, considerable effort has been devoted to the synthesis of these 
intermediates in enantiomerically pure form, due to the fact that chiral mole- 
cules very often show different biological activity for each enantiomer [2, 3]. 
Both purely chemical and enzyme-catalyzed methodologies have been devel- 
oped to achieve their preparation, and several reviews and monographs have 
been devoted to this topic [4- 11]. The Sharpless method was the first conven- 
tional chemical breakthrough, which allowed the titanium-tartrate catalyzed 
asymmetric epoxidation of allylic alcohols [12- 14]. More recently, several other 
methodologies have been explored toward this goal. Among these, the so-called 
Jacobsen-Katzuki catalysts allowing for the epoxidation of various olefins have 
been extensively developed. Interestingly, this method was shown to lead to high 
stereoselectivities when applied to the epoxidation of simple alkenes, essential- 




Fig.l. Reaction of epoxides with various nucleophiles (Adapted from Faher et al. [172]) 
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ly ds-disubstituted and trisubstituted olefins conjugated with aryl, alkenyl and 
alkynyl groups, whereas for simple (non-conjugated) cis and terminal olefins, as 
well as for trans olefins, the selectivity is less satisfactory [4, 7] . To these pioneer- 
ing approaches, three determining achievements have been added over the 
very recent years, i.e. (a) the Sharpless dihydroxylation process based on the 
use of the so-called KD-mix osmium based catalysts, allowing for direct 
dihydroxylation of olefins, which is particularly satisfactory - for yield and 
optical purity - when applied to trans substituted olefins [8, 15], (b) the cata- 
lytic kinetic resolution of terminal epoxides, achieved for instance by hydroly- 
sis using a Co(II) salen complex [16] and (c) the asymmetric opening of meso 
epoxides [17], 

As an overall observation, it appears that, depending on the structure of the 
substrate implied, one out of these approaches should make possible the pre- 
paration of a particular epoxide in a satisfactory way, as has been recently 
demonstrated for 3-chlorostyrene oxide for example [18]. However, although 
very elegant and efficient in certain cases, these approaches suffer from various 
drawbacks which can become crucial for large scale industrial production. 
These include the fact that they require the use of heavy metal-based catalysts 
(possible sources of industrial pollution) and are patent pending and, thus, cost- 
generating processes. Complementary to these chemical approaches, a number 
of enzyme-catalyzed methods have been studied during the last decade and now 
provide new, efficient and environmentally frienly alternatives. Here again, 
several reviews and monographs have been focused on the possible use of enzy- 
mes for fine organic synthesis, including ways to synthesize optically enriched 
epoxides [9, 11, 19-21]. Therefore, this review does not aim to provide an ex- 
haustive catalogue of the possible enzymatic reactions allowing the preparation 
of enantiopure epoxides, but rather to discuss more recent information about 
these biotechnological techniques. 



2 

Preparation from Chemical Precursors 



2.1 

From the Corresponding Olefins 

Numerous examples of metabolic pathways, describing the catabolism of mole- 
cules that show very diverse structures, have been described [22]. Many imply 
the direct incorporation, on an olefinic double bond, of one single oxygen atom 
which can originate from either water or molecular oxygen. However only few of 
these enzymes have heen identified, which indicated that at least three types of 
enzymes, i.e. heme monooxygenases (cytochrome P-450), co-monooxygenases, 
and methane monooxygenases, can be involved in these bio-epoxidations. 
Therefore, due to the asymmetric nature of these biocatalysts, the use of such 
enzymes was examined by numerous authors in the context of obtaining enan- 
tiopure epoxides. 
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2.1.1 

Oxidation by Heme-Dependent Monooxygenases 

One of the most important classes of oxygenating enzymes is the cytochrome 
P-450 family. These hemoproteins have been detected in all types of living cells, 
including insects, plants, yeast, bacteria and fungi, but because of their involve- 
ment in detoxication processes, the mammalian enzymes have been by far the 
most thoroughly studied [23]. These enzymes oxygenate lipophilic xenobiotics 
as the first and essential step in the detoxication process, the second step being 
conjugation with various natural counterparts, such as glutathione, glycosides, 
and sulfates, thus leading to water-soluble - and thus excretable - metabolites. 

The cytochrome superfamily of heme monooxygenases catalyzes many reac- 
tions involved in the oxidative degradation of endogenous or exogenous com- 
pounds. These enzymes all share the same overall catalytic mechanism, and 
their varied substrate specificities arise from differences in their active site topo- 
logies. The prosthetic moiety implied in these cytochrome P-450 enzymes is a 
ferroporphyrin entity called “heme” which can activate molecular oxygen and 
incorporate one of its two oxygen atoms into an organic molecule [24, 25]. 
Depending on the molecular characteristics of the substrates, these monooxy- 
genases will allow, for instance, hydroxylation of non-activated carbon atoms or 
epoxidation of olefinic double bonds [26-28]. 

Epoxidation of various olefins by cytochrome P-450 enzymes has been 
studied using rat liver microsomes [29, 30] as well as using enzymes from micro- 
bial origin. For example, Ruettinger and Fulco [31] reported the epoxidation of 
fatty acids such as palmitoleic acid by a cytochrome P-450 from Bacillus mega- 
terium. Their results indicate that both the epoxidation and the hydroxylation 
processes are catalyzed by the same NADPH-dependent monooxygenase. More 
recently, other researchers demonstrated that the cytochrome P-450 cam from 
Pseudomonas putida, which is known to hydroxylate camphor at a non-activat- 
ed carbon atom, is also responsible for stereoselective epoxidation of cis-ji- 
methylstyrene [32]. The (lS,2R)-epoxide enantiomer obtained showed an enan- 
tiomeric purity (ee) of 78%. This result fits the predictions based on a theoreti- 
cal approach (Fig. 2). 

During recent years, several cytochrome P-450 enzymes have been cloned 
and overexpressed in various hosts [33] and studies aimed to modify the active 
site topology of these enzymes, i.e. of the P-450cam for example, have been 



O 

P-450cam 

^ r II 

P. putida (js,2R) 

78% ee 

Fig. 2. Stereoselective epoxidation of ris-/l-methylstyrene using cytochrome P-450cani from 
Pseudomonas putida [32] 
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recently described [34] . Interestingly, the result of this work enabled the rational 
redesign of this enzyme, thus leading to an improvement in the activity and 
coupling efficiency towards unnatural substrates, and engineering of the regio- 
selectivity of substrate oxidation. Furthermore, the construction of a “self-suffi- 
cient” fusion protein containing all three proteins involved in the multienzy- 
matic system brings one step nearer the in vitro and in vivo biotechnological 
applications of this type of enzyme. Similarly, an elegant result has been obtained 
concerning another heme-dependent protein, human myoglobin [35]. Thus, 
the phenylalanine-43 in the heme pocket of this protein was replaced by tyro- 
sine using site-directed mutagenesis: the tyrosine-43 mutant was shown to be 
approximately 25 times more active than the wild-type protein in mediating the 
oxidation of styrene by hydrogen peroxide. Moreover, it was shown to afford 
(i?)-styrene oxide (60% yield), which had an ee as high as 98%, whereas the 
wild-type protein produced the racemic product. These examples are undoubt- 
edly an early illustration of the potential that molecular biology approaches 
have for direct epoxidation of olefinic double bonds. 



2.1.2 

Oxidation by oo-Hydroxylases 

The ability to activate and transfer molecular oxygen into organic molecules is 
not restricted to the cytochrome P-450 family, and some non-heme monooxy- 
genases have been described as being involved in such processes as well. This is 
the case, for instance, for co-hydroxylases which have been detected in several 
microorganisms. As early as 1973,Abbottetal. [36,37] unequivocally established 
that the Pseudomonas oleovorans strain was able to perform co-hydroxylation of 
aliphatic molecules as well as stereoselective epoxidation of a terminal double 
bond of the corresponding olefins. These authors observed that, for instance, 
1,7-octadiene led exclusively to 7,8-epoxy- 1-octene, which could be further re- 
epoxidized to the corresponding diepoxide [38]. Application of these oxidations 
to allyl alcohol derivatives have also been described recently, albeit the yields 
were low [39]. The enzymatic mechanism of these reactions has been studied by 
Coon et al. [40, 41], who isolated the so-called co-hydroxylase enzyme. They 
showed that this enzyme was capable of performing either hydroxylation or 
epoxidation. Furthermore, they observed that both types of reactions can be in 
competition on an olefinic substrate, depending upon the structure of the 
substrate. However, cyclic olefins were neither hydroxylated nor epoxidized by 
this enzyme [42]. More recently, the gene encoding the co-hydroxylase from 
P. oleovorans was expressed in E. coli and its structure has been explored using 
Mdssbauer studies [43]. 

These results have led to an interesting industrial application for the synthe- 
sis of the jS-blockers Metoprolol and Atenolol. Thus, epoxidation of the prochi- 
ral allyl ethers by several bacteria, including the P. oleovorans strain mentioned 
above, led to the corresponding (S)-epoxides which showed excellent enantio- 
meric purities (Fig. 3). Further on, these chirons (i.e. chiral building blocks) 
were transformed into the corresponding (S) -enantiomers of the drugs devel- 
oped by the Shell and Gist-Brocades companies [44]. Refinement of this approach 
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Fig. 3. Synthetic route to Metoprolol and Atenolol involving stereospecific microbial epox- 
idation [44] 



has led to the development of interesting molecular biology strategies, 
which led to the construction of a f! putida strain equipped with an alk gene 
from P. oleovorans. Thus, this recombinant biocatalyst can accumulate the pro- 
ducts that are not oxidized further. This P. oleovorans monooxygenase has been 
shown to epoxidize various types of olefins, including allylphenyl ethers and 
allylbenzene with high stereoselectivity [45]. 

Other bacteria have also achieved asymmetric epoxidation of substrates such 
as straight chain aliphatic terminal or subterminal alkenes or aromatic olefins 
[46-48]. In this context, one of the most thoroughly studied enzymatic system 
is xylene oxygenase (XO), which originates from a P. putida strain capable of 
utilizing toluene and xylenes as carbon sources for growth. This XO system 
essentially acts in epoxidation/hydroxylation reactions of aromatic substrates 
[45], and it has been introduced by genetic engineering into an E. coli host. 
Interestingly, it has been observed that whereas this enzyme generally does not 
epoxidize simple olefinic double bonds, it operates nicely on styrene to produce 
(S)-styrene oxide, which is obtained in 93% enantiomeric purity. Enantiopure 
styrene oxide is a useful chiral building block for the synthesis of optically active 
a-substituted benzyl alcohols [49] and has been used to synthesize various 
pharmaceuticals [50, 51]. Similarly, m-chlorostyrene was epoxidized with high 
stereoselectivity (ee >95%). However, p-chlorostyrene only led to a 37% ee 
whereas p-methylstyrene was preferentially oxidized at the methyl substituent. 
Biotechnological improvements of these monooxygenase-based transforma- 
tions, using two-liquid phase fermentations, have been elaborated to enhance 
the practicability and yields of these biooxydations [52]. However, although 
elegant, the real applicability of these techniques to large-scale production is still 
to be demonstrated 



2.1.3 

Oxidation by Methane Monooxygenases 

Other interesting non-heme oxygenases are the methane monooxygenases 
(MMOs) [53]. These enzymes can transform methane into methanol, a reaction 
extremely difficult to carry out using conventional synthesis. They are also able 
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to introduce oxygen into a large number of hydrocarbons like alkanes and al- 
kenes, as well as on alicyclic and aromatic substrates [54-56]. For instance, 
Elliot et al. have recently described the epoxidation of various olefins with the 
particulate methane monooxygenase from M. capsulatus (bath) [57]. It has been 
shown that the same enzymatic system was responsible for the hydroxyla- 
tion and the epoxidation process. Different MMO enzymes have been isolated 
from methanotrophic microorganisms such as Methylosinus trichosporium, 
Methylococcus capsulatus, Methylococcus organophilum, Nocardia corallina or 
Xanthobacter strain Py2 [58]. It has been found for example that the soluble 
enzymatic activity from Xanthobacter Py2 is a four component system, each of 
which has been purified to homogeneity [59]. Ohno and Okura [60] also ob- 
served epoxidation of short-chain alkenes, but the ee’s they obtained were low 
(14 < ee < 28 %). More recently, Seki et al. studied the epoxidation of halogenated 
allyl derivatives by the bacteria M. trichosporium. Interesting results - i. e. in- 
version of stereoselectivities - were observed, depending on the substrate sub- 
stitution. However, the observed ee of the products were low again [61]. 



2.1.4 

Reaction Mediated by Haioperoxidases and Halohydrine Epoxidases 

Another way to synthesize epoxides is the enzymatic addition of hypohalous 
acid (XOH) on an olefinic double bond, followed by cyclisation of the halohy- 
drine intermediate. A class of enzymes named haioperoxidases, are known to 
catalyze the formation of a-halohydrines from alkenes in the presence of a hali- 
de ion and a hydroperoxide [62]. These enzymes are available from a variety of 
sources [63] and, according to the type of halide they can utilize, they can be 
separated into three groups: chloroperoxidases, bromoperoxidases (algae and 
bacteria), and iodoperoxidases (algae). lodoperoxidases catalyze the formation 
of carbon-iodine bonds, whereas bromoperoxidases catalyze iodination and 
bromination reactions, chloroperoxidases being able to handle either chlorine, 
bromine or iodine ions. These enzymes can be either heme-containing enzymes 
[63] or non-heme enzymes [64 -66]. They can react with various types of organ- 
ic molecules and a recent review has been devoted to these different aspects 
[67]. However, the most commonly used haloperoxidase is the chloroperoxidase 
from Caldariomyces fumago, available as a commercial preparation. This hemo- 
protein has been crystallized and shown to exist in solution at neutral pH as a 
heavily glycosylated (= 25-30% by weight) monomer [68, 69] and its exact 
structure has been studied by resonance Raman studies and by extended X-ray 
fine structure spectroscopy [70]. In the presence of hydrogen peroxide, this 
enzyme converts a large variety of olefins into the corresponding halohydrin 
[71, 72]. Several types of olefins can thus be transformed, including alkenes [62], 
dienes [73], allenes [62], as well as more complex substrates [74]. Interestingly, 
the products formed from these reactions are those that could be predicted for 
chemical attack of hypohalous acid (XOH) on the olefine substrate. Moreover, it 
happens that the obtained products are racemic, giving a clue to the mechanism 
implied. In fact, it appears that these enzymes, in the presence of halide ions, act 
as an enzymatic source of hypohalous acid, which then adds non-enzymatically 
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to the substrate [63, 75]. Therefore, the synthetic utility of this approach for the 
synthesis of enantiopure epoxides is linked to the further use of these inter- 
mediates which cyclization into epoxides can possibly be achieved by using 
halohydrine epoxidase enzymes. This type of enzyme has been detected in 
several bacteria such as Flavobacterium, Pseudomonas and Arthrobacter species 
[76]. This last one has been purified and characterized [77]. It allows the cy- 
clization of 3-chloro-l, 2-propanediol and of l,3-dichloro-2-propanol, thereby 
affording either glycidol or epichlorhydrine, respectively. 

However, the enantioselectivity of these reactions is not indicated, presum- 
ably because the obtained products were racemic. 

Despite the lack of enantioselectivity, such reactions may still be interesting 
for an individual process. For example, an elegant and efficient industrial appli- 
cation has been elaborated for the production of - racemic - propylene oxide 
(Cetus procedure) by Neidleman [78]. However, to the best of our knowledge, 
severe competition with conventional chemical processes occurred and this pro- 
cedure has not been used industrially. 

It was recently described that such a two-step process was also occurring in the 
course of the microbial oxidation of the olefinic precursor of fosfomycin, a clini- 
cally important, broad spectrum antibiotic. Fifteen strains of aerobic bacteria as 
well as two fungal strains were shown to produce optically active fosfomycin [79]. 

Enantioselective degradation of halohydrines is one other way to prepare 
optically enriched epoxides. Kasai et al. [80] used an immobilized Pseudomonas 
strain to degrade racemic 2,3-dichloro-l -propanol. The residual (S) -substrate, 
which showed an ee as high as 99 %, was then further transformed chemically 
into the corresponding (K)-epichlorohydrine (Fig. 4). Obviously, in such trans- 
formations, the yield is limited to 50 %. On the other hand, enzymatic conversion 
of prochiral substrates can allow a theoretical 100 % yield. Such an approach was 
illustrated by Nakamura et al. [81, 82] starting from the prochiral 1,3-dichloro- 
propan-2-ol, which was converted into a 62% yield of (K)-epichlorohydrine 
(75% ee). Although this is not sufficient for further synthesis of biologically 
active compounds, it indicates that such transformations, leading to enantio- 
merically enriched epoxides, may be useful. 

Interestingly, it has also been shown that the Caldariomyces fumago chloro- 
peroxidase is able to yield epoxides directly from olefins in the absence of halide 




rao-2,3-dichloropropanol 



ee 100% 



NaOH 




Cl 



(R)-epichlorohydrin 
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yld62% 
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Fig. 4. Enantioselective degradation of halohydrines. Synthesis of (R)-epichlorohydrine [80-82] 





Biocatalytic Approaches for the Synthesis of Enantiopure Epoxides 



167 



ions. Extensive studies developed recently by Allain and Hager [83] and by Zaks 
and Dodds [84] showed that the best substrates were aliphatic ds-disubstituted 
olefins. In these cases, ee’s as high as 95% could be reached but yields were 
generally moderate. Even lower yields and ee’s were, in general, obtained from 
differently substituted olefins [85], but 2-methylalkenes appeared to lead to in- 
teresting enantiomeric purities in certain cases [86, 87] (Table 1). 

Similarly, aromatic styrene, as well as some of its analogs, are oxidized in a 
stereoselective way in the presence of either t-butyl peroxide [85] or hydrogen 
peroxide [83, 88-90] leading to the corresponding epoxides. A first multistep 
synthesis featuring the use of chloroperoxidase for the synthesis of a biological- 
ly important target was described recently by Lakner and Hager [91]. 
mevalonolactone was synthesized through stereoselective epoxidation of me- 
thallylpropionate followed by chemical transformation. The lactone was ob- 
tained in 57% overall yield and 93% ee (Fig. 5). More recently, a potential 
a-methylamino acid synthon has been prepared the same way with 94 % ee [92] . 

As a general feature, the use of such biocatalysts seems to be hampered by 
enzyme deactivation through, for instance, reaction with a number of aliphatic 
terminal olefins to give an inactive i\i-alkylated derivative [93] as well as by the 
sensitivity of the enzyme toward the peroxide which has to be used. However, 
interesting biotechnological approaches - i.e. continuous flow bioreactors - 
have been developed [94] . Also, very recently, the oxidation of indole to oxindole 
has been studied using various reactor types, resulting in a 20-fold increase of 
the total turnover number and space time yield [95, 96]. Industrial scale pro- 
duction has recently been claimed [97]. Chloroperoxidase from C.fumago, 



Table 1. Asymmetric epoxidation reactions catalyzed by CPO 



Substrates 


ee epoxides 
(%) 


Absolute 

configuration 

(epoxide) 


Epoxide yield 
(%) 


Ref. 


ris-2-heptene 


96 


2R,3S 


78 


83 


ris-2-octene 


92 


2R,3S 


82 


83 


ris-2-methylstyrene 


96 


1S,2R 


67 


83 


1,2-dihydronaphtalene 


97 


1R,2R 


85 


83 


styrene 


49 


R 


23 


85 


p-chlorostyrene 


66 


R 


35 


85 


p-bromostyrene 


68 


R 


30 


85 


p-nitrostyrene 


28 


R 


5 


85 


a-methylstyrene 


89 


R 


55 


86 


PhOCH2C(CH3)= CHj 


89 


R 


22 


86 


2-methyl-heptene 


95 


R 


23 


86 


EtC02CH2C(CH3) = CH2 


94 


R 


34 


86 


3-bromo-2methyl- 1 -prop ene 


62 


S 


61 


87 


4-bromo-2-methyl-l-butene 


88 


R 


93 


87 


5-bromo-2-methyl-l-pentene 


95 


R 


89 


87 


6-bromo-2-methyl-l-hexene 


87 


R 


33 


87 


7-bromo-2-methyl-l-heptene 


50 


R 


42 


87 
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Fig. 5. Synthesis of (R)-mevalonolactone through stereoselective bioepoxidation of methallyl- 
propionate using chloroperoxidase [91] 



modified by genetic engineering of the cloned gene, was used in the presence of 
hydrogen peroxide and an organic solvent to epoxidize subterminal olefins. 



2.1.5 

Miscellaneous Microbial Epoxidations 

Numerous other epoxidation reactions have been described throughout the 
literature. However, in many cases, the exact nature of the enzyme operative in 
these reactions has not been established. For instance, de Bont et al. [98, 99] iso- 
lated from soil several bacterial strains from, in particular, the Mycobacterium, 
Nocardia and Xanthohacter genera, which are able to grow on ethene, propene, 
1 -butene (or even butane) as sole carbon source. These bacteria were shown to 
be able to achieve the stereoselective epoxidation of the substrates. Detailed 
mechanistic studies using a Mycobacterium strain and ^*©2 have revealed that 
the oxygen incorporated indeed originated from molecular oxygen, and that the 
enzymes implied for hydroxylation reactions were different from those implied 
for epoxidation [100]. Furthermore, interesting ee’s were obtained in some cases 
(ee =80%). In the same context, it was shown by Archelas et al. [101] that some 
of these strains are also able to epoxidize substituted alkenes, again leading to 
variations of the observed stereoselectivities. The Xanthobacter strains also 
allowed accumulation of 2,3-epoxybutane from the cis or trans olefin, although 
with low to moderate yields [102]. However, in spite of interesting technological 
improvements, all these biooxygenation reactions are of low preparative value 
because they show both low turnover values and severe inhibition of the 
monooxygenase as a result of product concentration [103]. 

Similar results were described by Mamouhdian and Michael, who isolated 18 
bacterial strains able to produce optically enriched epoxides with excellent ee’s 
(up to 98%) [104, 105]. However, in the case of trans-(2i?,3I?)-epoxybutane, it 
was shown that the enantiomeric enrichment is in fact due to a second-step 
enantioselective hydrolysis of the epoxide, which is first produced in racemic 
form. This, interestingly, is an unexpected example of the possible use of micro- 
bial epoxide hydrolases for the synthesis of enantiopure epoxides (see below). 
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This is not the case for a Rhodococcus rhodochrous strain that affords 1,2- 
epoxyalkanes from short-chain terminal olefins. Indeed, in the latter case, no 
product inhibition has been observed [ 106] . However, the ee’s obtained were not 
determined, and it seems probable that they were quite low. On the other hand, 
a Nocardia corallina strain was described that afforded the corresponding 1,2- 
(k)-epoxy-2-methylalkane with ee’s as high as 90% depending on the chain 
length [ 107] . These epoxides were used as chiral building blocks to prepare pros- 
taglandin co-chains. 

Numerous other examples have been described indicating the ability of 
various different microbial strains [108, 109] and several patents have been filed 
in this context [see for example 1 10, 1 1 1]. However, although interesting, it is not 
clear whether some of these processes are used indeed for the production of 
enantiopure epoxides. (See Table 2 for a summary of bacterial epoxidations). 

One of the drawbacks of the use of bacterial strains seems to be further deg- 
radation of the epoxide produced. However, an exception to this fact has been 
described recently using fungi instead of bacteria. Thus, Furstoss et al. have 
described the epoxidation of an (S)-sulcatol derivative by the fungus Aspergillus 
niger, which affords the corresponding (2S,5S) enantiomer in 100% d.e. and 
50% yield. This can be further transformed into the natural enantiomer of the 
biologically active pheromone pityol [112] (Fig. 6). However, it is to be emphasi- 
zed that such an accumulation of epoxide in the presence of a whole cell fungus 
appears to be an exception. Indeed, much more common is the observation that 
the epoxide formed is metabolized further on into the corresponding vicinal 
diol. Depending on reaction conditions, this can be achieved either spon- 
taneously (acidic medium) or enzymatically (neutral pH). An interesting appli- 
cation of this approach is the possibility of a“tuned” preparation of either enan- 



Table 2. Miscellaneous microbial epoxidations 
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Fig. 6. Epoxidation of a (S)-sulcatol derivative by the fungus A. niger. Synthesis of the biologi- 
cally active pheromone pityol [112] 



tiomer of such a diol [113]. As was previously emphasized, vicinal diols them- 
selves can either lead to the corresponding epoxide without loss of enantiomeric 
integrity or be used as their cyclic sulfates or sulfites [1] (see below). 

Other fungal strains, such as Cunninghamella elegans and Syncephalastrum 
racemosum, also epoxidize aromatic substrates, but again the intermediate epo- 
xides are directly processed into the less reactive (and less toxic) corresponding 
trans-diols. The enzymes implied in these oxidations were reported to be cyto- 
chrome P-450 type enzymes, which possessed stereo and regioselectivities 
different to the mammalian enzymes [114, 115]. An interesting application of 
such a fungal epoxidation has been described for 20 fungi that carry out the 
epoxidation of a precursor to fosfomycin, a broad-spectrum antibiotic [116]. 
This can thus be obtained (although in low concentration, i.e. 0.5 g L“^) in 90% 
enantiomeric purity using this very simple procedure [117] (Fig. 7). 

As exemplified above, direct epoxidation of olefinic double bonds is possible 
by using various monooxygenases from different types and origins, either as 
wild or genetically engineered strains or as purified enzymes. Furthermore, 
these can in certain cases lead to interesting, although generally not sufficient, 
enantiomeric purities of the produced epoxides. However, it is clear that severe 
practical difficulties are linked to the fact that these enzymes are essentially 
cofactor dependent and that one often encounters substrate and/or product 
inhibition, so only low concentrations of product can be accumulated in the 
medium. In spite of some biotechnological improvements based on the use of 
biphasic systems implying organic solvents [52, 118-120], no practical break- 
through process seems to have been achieved, thus hampering the use of this 



PC 



Penicillium sp. 



POjIh 



CH3<\ /^POsIt 
3 0 



(-)- cis--\ ,2-epoxy propylphosphonate 
(Fosfomycin) ee 90% 

Fig. 7. Microbial epoxidation of cw-propenylphosphonic acid to fosfomycin [116] 
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type of enzymes for large scale laboratory and, more important, industrial 
production. Therefore, various other strategies for preparation of enantiopure 
epoxides have been explored. These include indirect ways either starting from 
different chemical precursors to the epoxide targets or as resolution processes 
starting from racemic compounds. 



2.2 

Microbial Reduction of a-Haloketones 

Owing to the enormous amount of work devoted to the study of alcohol dehy- 
drogenase-mediated reduction of various substituted carbonyl compounds, it 
appears a priori that a strategy that would imply stereoselective reduction of an 
a-halogenated ketone and further cyclization of the halohydrine obtained 
from the corresponding epoxide would be an alternative way of synthesising 
enantiopure epoxides (Fig. 8). Surprisingly enough, only scant information is 
available about such an approach. One possible explanation may be the intrin- 
sic reactivity of a-haloketones, which may act more like enzyme inhibitors than 
as “normal” substrates. 
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chemical 
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Fig. 8. Chemoenzymatic synthesis of chiral epoxides via the a-haloketone reduction route 



Nevertheless, examples have been described that illustrate this approach. 
Thus, Imuta et al. achieved the reduction of a-bromo- and a-chloroacetophe- 
none using the bacteria Cryptococcus macerans, which leads to the correspond- 
ing (R)-2-halohydrines as intermediates which cyclize further into enantiomeri- 
callypure styrene oxide [121]. More recently, Weijers et al. studied the reduction 
of a-chloroacetone into l-chloro-2-propanol with the aim of preparing enan- 
tiopure 1,2-epoxypropane [122]. This could be obtained using several bacterial 
or yeast cells. It has been shown, however, that racemic 3-chloro-2-butanone led 
to a 1 : 1 mixture of the (2S,3R) and (2S,3S) diastereoisomers. Thus, the reduction 
of this substrate occurred in a non-enantioselective manner (i. e. each of the two 
enantiomers was reduced), but since the reduction itself was stereoselective, the 
two corresponding diastereoisomeric halohydrines were obtained in high enan- 
tiomeric purity (ee > 97%). As a consequence, separation of these two diaster- 
eoisomers was able to provide a route to the cis or the trans epoxide in high 
optical purity. A similar approach has been developed by Besse and Veschambre, 
who screened numerous microorganisms for the reduction of a-haloketones 
such as 3-bromo-2-octanone. Here again, a mixture of diastereoisomers was 
formed systematically [6] . Interestingly, these authors observed that it was pos- 
sible to obtain a mixture of either the {2S,3SR) or the (2R,3SR) diastereoisomers 
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depending on the microbial strain used. These diastereoisomers could be 
further cyclized into the corresponding epoxides using conventional synthetic 
methods (Le. NaH/benzene) without noticeable loss of stereochemical in- 
tegrity. In certain cases, one of these diastereoisomers was obtained selective- 
ly. Reduction of 4-phenyl-3-bromo-2-butanone by using the fungus A. niger 
led to a 48% yield of the single (2R,3R) stereoisomer in excellent enantiomeric 
purity (ee > 98%). In this case, the remaining (unreacted) a-haloketone sub- 
strate was also optically pure. Thus, in this particular case, the reduction was 
both enantio- and stereoselective. Further studies led these authors to develop 
this result to a more general method, showing that, from various a-halo- 
ketones, it was possible to prepare - although through an intermediate chro- 
matographic separation - all four stereoisomers of a given substrate such as 
for 4-phenyl-2, 3-epoxybutane or traus-jS-methylstyrene oxide. The yields 
were moderate, but the enantiomeric purities were excellent (ee >95%) [123]. 
Such a strategy has also been developed starting from 2-chloro-3-oxoesters, 
which thus allow the synthesis of valuable glycidic ester derivatives [124]. For 
example, using a reduction hy Mucor plumbeus,\h.Q anti (2R,3R)-ethyl-2-chloro- 
3-hydroxyhexanoate enantiomer was obtained in 50% yield and 92% ee from 
the corresponding chlorooxoester. On the other hand, both syn (2S,3R) and 
anti (2R,3R) enantiomers could also be obtained from ethyl-2-chloro-3-oxo-3- 
phenylproprionates in 45-50% yield (ee >95%) using Mucor racemosus or 
Rhodotorula glutinis strains, respectively. These intermediates could be 
efficiently cyclized into the corresponding cis or trans epoxyesters (depending 
on the reaction conditions) without loss of enantiomeric purity [125]. 
This allowed the synthesis of enantiopure M-benzoyl and M-tert-butoxycar- 
bonyl(2R,3S)-3-phenylisoserine, i.e. the side chains of taxol and taxotere 
(Fig. 9). 
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Fig. 9. Stereoselective microbial reduction of 2-chloro-3-oxoester. Synthesis of (2R,3S)-3- 
phenylisoserine [125] 
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3 

Resolution of Epoxide-Bearing Substrates 

In addition to the above described procedures implying either direct oxidation 
of an olefinic double bond or stereoselective reduction of a ketone precursor, 
which, as discussed above, do not really provide very efficient ways for the large 
scale synthesis of enantiopure epoxides, some indirect strategies have also been 
explored. These are essentially based on the resolution of epoxide-ring bearing 
substrates as exemplified below. As will be seen, these approaches imply the use 
of cofactor-independent enzymes, which are in practice much easier to work 
with, and lead to very interesting results. As a matter fact, some of these proces- 
ses are already used on an industrial scale, and it can be predicted that future 
industrial applications will continue to be essentially based on the use of these 
very promising “easy-to-use” biocatalysts. 



3.1 

Resolutions Using Lipases 

The first, and most efficient, synthetic process is based on the use of lipases. 
These enzymes have been extensively studied because of their commercial 
availability and surprising stability, even in the presence of organic solvents. For 
instance, lipase-catalyzed hydrolysis of various glycidic esters has been studied 
because the enantiomerically pure products thus obtainable are valuable chiral 
synthons for the pharmaceutical industry [126-128]. Thus, porcine pancreatic 
lipase was shown to hydrolyze several glycidyl esters enantioselectively, with the 
butyrate derivative leading to the best results [129]. Further improvement of this 
method using a multiphase enzyme membrane reactor has been described 
recently [130], and has been patented by a Japanese company, using whole cell 
cultures of Rhodotorula, Pseudomonas or Rhizopus sp. [131]. Similar approaches 
have also been applied to the synthesis of other glycidyl derivatives, starting 
from either racemic or prochiral substrates. In the case of racemic 2-(hydroxy- 
methylene)-l,2-epoxybutan-4-ol, a transesterification with vinyl acetate was 
performed by the Pseudomonas cepacia lipase in the presence of organic 
solvents. This allowed the recovery of unreacted (S)-diol with an ee of 86% at 
60% conversion, which implies a low yield of the desired product [132]. Similar 
results were obtained using the Pseudomonas fluorescens lipase-catalyzed reac- 
tion (ee 90%) [133] but better yields were obtained starting from a prochiral 
glycidyl derivative. Thus, the optically active epoxy alcohol (i?)-2-butyryloxy- 
methylglycidol was obtained in high enantiomeric purity (ee >98%) using a 
phosphate buffer and an organic co-solvent system. The best results were ob- 
tained with Pseudomonas sp. lipase (95% yield; ee > 98%) [134]. 

The use of lipase-catalyzed ester hydrolyses or transesterification reactions 
has led, interestingly, to an efficient method for synthesizing the M-benzoyl- 
(2i?,3S)-3-phenyl isoserine moiety, the C-13 side chain of taxol. The Mucor 
miehei lipase proved to be uniquely suited for the stereospecific transesterifica- 
tion of racemic methyl tra ns- jS-phenyl glycidate. Further improvement of this 
reaction led to the choice of an isobutanol-hexane mixture (1:1; vol/vol) as the 
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reaction medium. Thus, this enzymatic process, coupled with substrate recy- 
cling, afforded both the recovered levo rotatory- starting substrate and the iso- 
butyl ester formed in 42 and 43% yield, respectively, with both compounds 
showing ee’s higher than 95%. This experiment was able to be carried out 
without any problems on a 20-g lab scale. Interestingly, product and substrate 
could be separated by fractional distillation, and the enzyme could be recycled 
without much loss of activity (85% recovered activity) [135] (Fig. 10). 
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Fig. 10. Lipase. Stereospecific transesterification of methyl fraws-/l-phenyl glycidate, pre- 
cursor of the side chain of Taxol® [135] 



A similar methodology has also been applied to the large scale synthesis of 
{2R,3S) p-methoxyphenyl glycidic acid esters, the key chiral building block of 
Diltiazem, a drug widely used as an antihypertensive agent because of its 
calcium antagonist activity [136]. Although this optically active intermediate is 
currently available through conventional synthesis - i.e. chemical resolution 
[137] or asymmetric synthesis [138] - an enzymatic approach has been devised, 
which in fact is used on the industrial scale. Thus, the racemic p-methoxyphenyl 
glycidic methyl ester [139, 140] was resolved using a lipase mediated hydrolysis, 
affording the unreacted (and desired) trans-{2R,3S) enantiomer to the exclusion 
of the other stereoisomer. Although the corresponding acid formed during this 
hydrolysis decomposes in the reaction conditions, and thus cannot be recycled 
by racemization, this synthetic scheme appears to be the least expensive and 
most efficient. The costs resulting from the loss of half the racemic substrate 
(which is in fact relatively inexpensive to prepare via conventional chemistry) is 
balanced by the fact that this resolution is achieved in an early stage of the pro- 
cess, avoiding the so-called “enantiomeric ballast” during the further synthetic 
steps (Fig. 11). 

The kinetic resolution of epoxide-bearing substrates has also been achieved 
via a biotransformation different from hydrolysis. Thus, Weijer et al. [141] 
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Fig. 11. Lipase. Enzymatic preparation of (2K,3S)-phenyl glycidic esters, the key building- 
block of Diltiazem® [139, 140] 



described the enantioselective degradation of short-chain cis and trans 2,3- 
epoxyalkanes by Xanthobacter sp. bacteria able to grow on propene. Only the 
(2S) enantiomers of these substrates were degraded, leading to an accumulation 
of (2k)-2, 3-epoxyalkanes (ee >98%) in the reaction medium. On the other 
hand, the 1,2-epoxyalkane isomers were degraded without enantioselectivity. 
Other bacterial strains - i. e. some Nocardia species - did, fortunately, make it 
possible to prepare the remaining epoxide with excellent enantiomeric purity. 
However, the high ee value was paid for by low yields. Again, trans-2, 3-epoxy- 
butane gave much better results. 

A similar approach has also been developed recently by a Dutch team for the 
preparation of glycidyl derivatives (Fig. 12) [142]. Thus, the strain Acetobacter 
pasteurianus was shown to achieve the kinetic resolution of racemic glycidol, 
affording the unreacted (i?)-glycidol enantiomer. From the calculated E value 
(£= 16), it can be predicted that a 99.5% ee value for this product should be 
attainable at 64% conversion. The reactive (S)-antipode was in fact oxidized via 
the corresponding aldehyde into the glycidic acid. The preliminary studies con- 
ducted in the course of this work indicate that this method could be attractive 
when compared with chemical approaches (although the yield of product will 
be quite low). However, more work must be carried out to judge the economic 
feasibility of this process. 
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Fig. 12. Production of {R)-^YCiAo\hj Acetobacter pasteurianus [142] 
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3.2 

Resolution of Racemic Epoxides Using Epoxide Hydrolases 

The use of epoxide hydrolases - enzymes able to enantioselectively hydrolyze 
several types of epoxides - is a new, very actively emerging strategy allowing for 
the access to enantiopure epoxides. The results obtained recently from the inten- 
sive studies performed in recent years clearly indicate that the use of such en- 
zymes may well be the method of choice for a biocatalytic preparation of these 
target chirons [143]. In fact, such enzymes from mammalian origin have been 
known and studied for several decades because of their involvement in xeno- 
biotic detoxification processes. However, more recent studies conducted by 
different groups now indicate that these enzymes are in fact ubiquitous in nature, 
having been found in various living cells such as plants [144], insects [145], 
bacteria [146, 147], yeasts [148] and filamentous fungi [149]. 

As far as mammalian enzymes are concerned, interesting fundamental 
studies have been conducted by Hammock et al. [150] as well as by Knehr et al. 
[151], from which important knowledge of their biological properties was 
gained. Several of these enzymes were recently purified, cloned and overexpres- 
sed, and elegant studies have been devoted to the determination of the detailed 
mechanism involved in these reactions [152-157]. Their possible use for prac- 
tical application to fine organic synthesis has been intensively explored by Berti 
and al for years [ 158] . This pioneering work highlighted the fact that several sub- 
strates, including racemic aromatic or aliphatic compounds, can be efficiently 
processed by epoxide hydrolases which often lead to enantiomerically enriched 
- or even enantiomerically pure - epoxides (the unreacted enantiomer) and/or 
to the corresponding vicinal diols [159] (Fig. 13). Moreover, in the cases of 
a/jS-dialkyl substituted epoxides, each of the two enantiomers was attacked 
with an opposite regioselectivity (i.e. always at the (S)-carbon atom), leading to 
an almost quantitative yield of the corresponding (R,R) diol [160-161]. 
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Fig. 13. Mammalian epoxide hydrolase. Enantioselective hydrolysis of racemic epoxides. [160- 
161] 
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Fig. 14. Mammalian epoxide hydrolase. Stereoselective hydrolysis of raeso-epoxides [162] 



Most interestingly, it has been observed by the same authors that some pro- 
chiral substrates can also be processed by these enzymes [162]. Thus, in the case 
of such compounds, the regioselective attack at one single carbon atom of the 
oxirane ring affords the corresponding diol in optically enriched (or even enan- 
tiopure) form. The outstanding interest in these two last cases is of course the 
fact that, in contrast to a classical resolution process which is limited to a 50% 
yield, the theoretically possible product yield is 100% (Fig. 14). 

In spite of these very interesting results, the use of mammalian epoxide 
hydrolases is still severely hampered - or even impossible - for large-scale in- 
dustrial production. Even overexpressed enzymes are not currently available in 
large enough quantities at a reasonable price. 

Therefore, the use of enzymes from other origins, and in particular from 
microbial sources which can be cultivated in almost unlimited amounts, was 
another very promising track for such applications. In fact, the use of a bacterial 
epoxide hydrolases was patented as long ago as 1975 for the industrial synthesis 
of L- [163] and meso-tartaric acid [164] from the precursor epoxide, but sur- 
prisingly enough no further application of this type of biocatalyst has been 
described since. This enzyme, isolated from a P. putida strain, was isolated and 
crystallized as early as 1969 by Allen and Jakoby [164]. Similarly, Niehaus and 
Schroepfer [165] studied the enantioselective hydrolysis of cis- and trans-9,10- 
epoxystearic acids by a Pseudomonas sp., whereas Michaels et al. [166] observed 
the hydrolysis of epoxypalmitate by Bacillus megaterium. Since then, several 
such epoxide hydrolase containing bacteria have been found. For example, De 
Bont et al. [167], Escoffier and Prome [168], Jacobs et al. [169], Nakamura et al. 
[170, 171] have described the enzyme- catalyzed hydrolysis of either short chain 
epoxides or of an epoxysteroid. All these epoxide hydrolases originated from 
bacterial strains. Surprisingly enough, all these studies were only achieved on 
the analytical scale, and no real applications of these enzymes to organic syn- 
thesis have been developed by these authors. 

In fact, the real breakthrough concerning the use of an epoxide hydrolase 
applied to fine organic chemistry was only recently published, by two groups 
independently, i.e. by Faber et al. [172, 173] using bacterial enzymes, and by 
Furstoss et al. [174, 175] using fungal enzymes. In both cases, it was found that 
these enzymes could be excellent biocatalysts for achieving the resolution of 
several racemic epoxides. 
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It is important to emphasize at this point that the stereochemical outcome of 
hydrolyses by epoxide hydrolases is, in theory, somewhat more complicated to 
analyze than a normal ester hydrolysis for example. This is due to the fact that, 
for a racemic substrate, each of the two enantiomers can of course react with 
different kinetics but also different regioselectivities, leading, in certain cases, to 
quite puzzling results. This problem, which may lead to erroneous interpreta- 
tions as well as to wrong E value calculations, has been addressed by the two 
groups mentioned above [176, 177]. A detailed description of such different 
stereochemical outcomes, as well as of a new method allowing for the deter- 
mination of the regioselectivity of the enzymatic attack on both enantiomers, 
has been described very recently [178]. 



3.2.1 

Use of Bacterial Enzymes 

In their preliminary studies, Faber et al. [173] observed that an immobilized 
enzyme preparation derived from Rhodococcus sp. (sold by Novo Industry, 
Denmark) and designed for the enzymatic hydrolysis of nitriles, also contained 
an epoxide hydrolase activity. This Rhodococcus enzyme was further purified 
and characterized as being a cofactor- independent, soluble protein [179]. 
Straight-chain terminal epoxides as well as glycidyl derivatives were well accep- 
ted as substrates, but the enantioselectivities were low. The best results were 
obtained with 2-methyl-2-pentyl oxirane, which was obtained in 72% ee [180]. 
Further work, using various 2-alkyl substituted straight-chain oxiranes of diffe- 
rent lengths, suggested that chiral recognition by the enzyme depends on the 
difference in size between the two alkyl groups [181]. When sodium azide was 
added to the medium, enantiomericaUy enriched (i?)-azido alcohol generated 
from the unreacted (k)-epoxide was also obtained [182]. Although the authors 
claim that this should be due to an enzyme-catalyzed reaction, it is more rea- 
sonable to consider this reaction to be a pure chemical addition of the azide to 
the substrate in the course of the reaction. Therefore it might well be that these 
reactions are catalyzed by the chiral protein surface instead of being a real enzy- 
matic reaction. This interpretation is in accordance with the recently published 
mechanism described for cytosolic or microsomal rat liver epoxide hydrolases 
[153, 154]. It is worth mentioning that similar results have been observed for the 
aminolysis of aryl glycidyl ethers by hepatic microsomes from the rat [183] as 
well as from lipase-catalyzed epoxide aminolysis [184]. Further screening of 
alkene utilizing bacteria led to the discovery of other bacterial strains similarly 
equipped with interesting epoxide hydrolase activities [185]. One of these, 
Nocardia EHl, showed almost absolute enantioselectivity on 2-methyl-l,2- 
epoxyheptane, leading to both the enantiopure (i?)-diol and epoxide [186]. 

Interestingly, this enzyme also accepted cis- and trans-2,3-disubstituted ole- 
fins. Moreover, it appeared that racemic ds-2,3-epoxyheptane led to almost total 
deracemisation, thus affording the corresponding (R,R) diol with 79 % chemical 
yield and 91 % ee [187] (Fig. 15). This is due to the fact that the regioselectivity 
of the enzymatic attack on each of the two enantiomers was different. Recent 
work described that this enzyme could be immobilized on DEAE-cellulose, thus 
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Fig. 15. Bacterial epoxide hydrolase. Deracemization of (±)-ris-2, 3-epoxyheptane viaenantio- 
convergent biohydrolysis using Nocardia EHl [187] 



affording a more stable biocatalyst which could be used in repeated batch reac- 
tions [188]. 

Unexpectedly, as compared with microsomal mammalian epoxide hydro- 
lases, all the meso-epoxides tested with the two above mentioned bacterial en- 
zymes were not substrates. 

A few synthetic applications for obtaining biologically active compounds 
have been described, based on the use of these bacterial enzymes. For instance, 
the pheromone (S)-frontalin was synthesized in five steps in 94% ee (but rather 
low overall yield) via a chemoenzymatic route implying epoxide resolution 
using lyophilized cells of Rhodococcus equi [189] (Fig. 16). 

Similarly, the synthesis of both enantiomers of linalool oxide was achieved 
[190]. It is interesting to note that this bacterial enzyme showed an opposite 
enantio-preference on structurally related substrate as compared to the EH 
from the fungus Aspergillus niger (see below). Indeed, this enzyme preferred to 
hydrolyze the (S)-configurated substrate, whereas the (I?)-enantiomer was the 
fastest for the fungal enzyme. Another elegant application of the use of such 
enzymes for the preparation of bioactive products was described by Otto et al. 
[ 191 ] . Thus, the synthesis of the biologically active enantiomer of disparlure, the 
sex pheromone of the moth Lymantria dispar, which causes severe damage to 
trees in some parts of the world, was achieved. This implied enantioselective 




RhodococcusWO 3730 



C= 18% 



1) PcP/CuCIz/DME 
2) HCI (0.5N) r.t. 
89% 




Fig. 16. Bacterial epoxide hydrolase. Key steps of chemoenzymatic synthesis of (S)-frontalin 
[189] 
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hydrolysis - by a Pseudomonas strain - of 9,10-epoxy-15-methyl hexadecanoic 
acid, a precursor of the pheromone. However, the optical purity of the product, 
calculated on the basis of the measured optical rotations, was quite low (=25%). 

Very recently, new bacterial epoxide hydrolases have been described by 
Archer et al. [192], Janssen et al. [147, 169], and Botes et al. [193]. Some of these 
studies led to results opposite to the ones predictable from the previous studies. 
Thus, the EH from Chryseomonas luteola displayed a good activity toward 
terminal olefins, whereas 2-substituted derivatives were bad substrates (Fig. 17). 
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Fig. 17. Bacterial epoxide hydrolase. Resolution of (±)-l-methyl-l,2-epoxycyclohexane [192] 
and (±)-l,2-epoxyoctane [193] using respectively whole cells of Corynebacterium C12 and 
Chryseomonas luteola 



On the other hand, the Agrobacterium radiobacter enzyme exhibited excellent 
activity toward aromatic substrates, which was not the case for the one from 
Rhodococcus or Nocardia sp. known to have bad (if any) activity toward aroma- 
tic compounds. These findings clearly illustrate the fact that, in the future, it will 
undoubtedly be possible to find various sources of different EHs showing speci- 
fic and complementary substrate specificities, thus opening the way to wide- 
spread synthetic applications. 

One way to find such complementary EH activities is of course to search for 
similar enzymes in other types of microbial strains, like for instance yeasts or 
fungi. As emphasized previously, the finding that some fungi were equipped 
with epoxide hydrolases was one of the events which triggered research work on 
the synthetic potentiality of these enzymes. 



3.2.2 

Use of Yeast Epoxide Hydrolases 

Yeasts showing EH activity have only been described very recently [193, 194]. In 
particular, a Rhodotorula glutinis strain was shown to possess remarkable EH 
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Fig. 18. Yeast epoxide hydrolase. Enantioselective hydrolyses of aromatic [194] and aliphatic 
[194, 195] epoxide using whole cells of Rhodotorula glutinis. Stereoselective hydrolysis of 
cyclopentene oxide [194] 



activity and to have a high preference for aromatic substrates (Fig. 18). Thus, 
a very satisfactory resolution of trans-methyl substituted styrene oxide was 
achieved using a washed cells suspension of this strain. Further work with this 
strain was to explore its potentialities for aliphatic terminal olefins, which also 
proved to be good substrates. Enantioselectivity and reaction rate were strongly 
influenced by the chain length of the epoxide used [ 195]. In all the cases studied, 
the (R) epoxide was preferentially hydrolyzed to the (f?)-diol, indicating that the 
enzymatic attack essentially occurred at the terminal, less substituted, carbon 
atom. It ought to be stressed that, quite surprisingly as compared to the other 
epoxide hydrolases from microbial origin, this EH is able to hydrolyze some 
meso compounds very efficiently. 



3.2.3 

Use of Fungal Epoxide Hydrolases 

The presence of epoxide hydrolase activities of fungal cells has been described 
by several authors [196-201]. However, the real breakthrough in the use of such 
enzymes for preparative scale synthesis was developed by the group of Eurstoss 
et al. One of their first results was the description of the efficient resolution of 
racemic geraniol M-phenylcarbamate by a culture of the fungus A. niger, leading 
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to a 42% isolated yield of remaining (6 S) -epoxide showing a 94% ee. This was 
easily conducted on 5-g of substrate using a 7-liter fermentor [174]. As a demon- 
stration of the potentialities of these new biocatalysts, this methodology was 
used to achieve the synthesis of both enantiopure (ee >96%) enantiomers of the 
biologically active Bower’s compound, a potent analogue of insect juvenile hor- 
mone [202] which (6i?)-antipode was shown to be about 10 times more active 
that the (6S)-enantiomer against the yellow meal worm Tenebrio molitor 
(Fig. 19). 






96%ee 70%ee 

36%yld 48%yld 

H3O" 

T 




96% ee 




Fig. 19. Fungal epoxide hydrolase. Application to the synthesis of (R)- and (S)-Bower’s com- 
pound [202] 



In the same context, it was shown that this fungus was also capable of achiev- 
ing the diastereoselective hydrolysis of the exocyclic limonene epoxides, thus 
opening the way to the synthesis of either enantiopure bisabolol stereoisomer 
[174]. One of these enantiomers, i.e. (4S,8S)-a-bisabolol, is used on an industrial 
scale for the preparation of various skin-care creams, lotions and ointments. 

Similar results were obtained with styrene oxide, which was efficiently hydro- 
lyzed by washed cells of A. niger, affording the (S) -enantiomer in 96% ee within 
a few hours [175]. Moreover, another fungus, Beauveria sulfurescens (presently 
B. bassiana) showed an opposite enantioselectivity, leading to the (i?)-enan- 
tiomer in 98% ee. Since both hydrolyses afford the corresponding (i?)-diol, an 
enantioconvergent process, by using a mixture of the two fungi, led to an over- 
all 92% yield of the (i?)-diol in 89 % ee (Fig. 20). Further work elicited interesting 
information concerning the mechanism implied in these transformations, and 
led to the conclusion that these enzymes operate via different mechanisms [203] 
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Fig. 20. Resolution of styrene oxide by A. niger and B. sulfurescens epoxide hydrolases. De- 
racemization of styrene oxide by using a mixture of these two fungi [175] 



Also, the scope of suitable substrates has been explored. Thus, it was shown that 
substituted styrene derivatives such as various para-substituted styrene oxides 
[204] as well as jS-disubstituted derivatives [176] could be accommodated by one 
or both of these fungi. In the latter case, an interesting enantioconvergent hydro- 
lysis of ds-methyl substituted styrene oxide was observed, affording an 85% 
preparative yield of enantiopure (li?,2I?)-diol. Further screening conducted on 
various other fungal strains indicated that this type of enzyme does indeed seem 
to be widespread within the fungal world [149,205]. 

Another application of these fungal enantioselective hydrolyses was the 
synthesis of indene oxide and of its corresponding diol, these intermediates 
being of crucial importance for the synthesis of the orally active HIV protease 
inhibitor Indinavir. Thus, when submitted to a culture of B. sulfurescens, racemic 
epoxyindene was rapidly hydrolyzed, leading to a 20 % yield of recovered enan- 
tiomerically pure (ee 98%) (1I?,2S) epoxide, and to a 48% yield of the corre- 
sponding (1R,2R) trans-diol showing a 69% ee [206]. Since this diol has the 
absolute configuration desired for synthesizing the biologically active HIV pro- 
tease inhibitor, this approach was quite promising for achieving the preparation 
of this key-chiral building block by optimizing this biotransformation. Thus, a 
more extensive study was achieved by the Merck Company which performed a 
screening on eighty fungal strains to evaluate their ability to enantioselectively 
hydrolyze racemic epoxyindene [207, 208] . This led to the discovery that some of 
them were capable of affording both enantiomers of indene oxide in optically 
pure form, although in rather low yields. Epoxydihydronaphtalene was hydroly- 
zed similarly to the (lI?,2I?)-diol in excellent enantiomeric purity [206]. 
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In order to set up a more efficient and easy-to-use biotechnological tool for 
organic chemists, some other practical improvements were further explored. 
Thus, a crude lyophilized extract of A. niger was prepared and was shown to be 
stable for weeks (or even months) upon storage in the refrigerator. This, then, 
could be conveniently used at will, similar to a chemical reactant. More in- 
terestingly, this bio catalyst has proven to retain considerable activity in the pre- 
sence of water-miscible solvents such as DMSO or DMF, a very important fact 
since most organic substrates are only poorly soluble in water. Thus, a 330 mM 
(54 g L“^) concentration of p-nitrostyrene could be hydrolyzed within 6 h to a 
(analytical) yield of 49% and an ee of 99% of the remaining (S) -epoxide (E =40) 
[209, 210]. Furthermore, in order to improve the yield of this transformation, a 
chemoenzymatic strategy was set up making it possible to render this biotrans- 
formation enantioconvergent [211]. This implied the controlled acid hydrolysis 
of the reaction mixture obtained after enzymatic resolution, which contained a 
mixture of the unreacted (S)-epoxide and of the (l?)-diol resulting from the 
enzymatic hydrolysis, and led to an overall yield of 94% of (l?)-diol with an ee 
as high as 80%, as a result of steric inversion upon acid hydrolysis of the (S)- 
epoxide. After recrystallization this (i?)-diol (ee 99%) could be recyclized and 
transformed into the biologically active enantiomer of Nifenalol, known to have 
jS-blocker activity [212] (Fig. 21). 
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Fig. 21. Deracemization ofp-nitrostyrene oxide by a chemoenzymatic process. Application to 
the synthesis of (R)-Nifenalol® [211] 



Another way to improve the yield of such transformations is to combine a 
chemical asymmetric oxidation and a biocatalytic approach. This has been 
illustrated on 2-methyl-epoxyheptane as shown in Fig. 22. Thus, a 33% overall 
yield of the corresponding (S)-epoxide was obtained with an ee of 97% [149]. It 
is to be emphasized that, in this particular case the best corresponding chemical 
method for obtaining this epoxide, i.e. the Sharp less asymmetric dihydroxyla- 
tion, only led to an ee of 71 %. 
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Fig. 22. Fungal epoxide hydrolysis. Chemoenzymatic synthesis of (S)-2-methyl-heptene oxide 
[149] 



The use of a higher substrate concentration for a given amount of enzyme is 
also a very important goal for preparative scale applications. Such an achieve- 
ment has been successful very recently [213]. Thus, a two-liquid-phase process 
allowing for the preparative scale resolution of para-hromo styrene oxide (6 g, 
0.38 mole L“^) by a crude A. niger extract (350 mg) has been achieved. By 
running this reaction at 4°C the stability of the enzyme was greatly improved. 
Surprisingly, the use of this procedure led to a considerable enhancement of the 
reaction enantioselectivity (E value), thus leading to a 39% yield of optically 
pure epoxide (ee 99.7%) and a 49% yield of diol (ee 96%) (Fig. 23). 





Fig. 23. Fungal epoxide hydrolase. Preparative scale resolution of para-hromo styrene oxide 
using a two-Kquid-phase process [213] 



4 

Summary and Outlook 

It can be concluded from the various results described above that numerous 
continuous efforts have been devoted to the synthesis of enantiopure epoxides 
over the last twenty to thirty years which has led to important fundamental 
knowledge on this topic. Unfortunately, many of these approaches still suffer 
from severe limitations as far as large-scale (industrial) applications are con- 
cerned. This is particularly the case for direct epoxidation of alkenes using 
monooxygenases. Indeed, most of these biocatalytic routes imply multienzy- 
matic processes, and/or are hampered by substrate and/or product inhibition 
leading to low productivity. Highly sophisticated processes had therefore to be 
set up in order to partially overcome these drawbacks. 

Some more recently investigated indirect ways are, on the other hand, more 
attractive from this point of view. For instance, this is the case for lipase-catal- 
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yzed resolutions of epoxide ring bearing precursors (or for asymmetric synthesis 
starting from prochiral substrates) which have been extensively studied on all 
kinds of substrates. The advantages of this approach are as follows: (a) several of 
these enzymes are currently commercially available, (b) they are cheap, (c) they 
are stable under various experimental conditions, (d) they do not involve cofac- 
tors, and (e) they can be used (sometimes with net improvement of the yields or 
ee’s) in the presence of organic solvents. However, the obvious drawback of this 
approach is the fact that suitable substrates have to be compounds bearing an 
epoxide ring and another function - ester or alcohol - near the oxirane ring. 

In this respect, the most promising method up till now seems to be the use of 
microbial epoxide hydrolases, a new aspect of research which is presently 
blooming. Indeed these enzymes, which act directly on the epoxide ring, in- 
dependent of any other functionality, seem to offer the same advantages as lipa- 
ses: (a) they have been shown recently to be ubiquitous in nature, (b) they are 
cofactor-independent enzymes, (c) they can be produced easily from various 
microorganisms, (d) they can be partly purified and used as an enzymatic pow- 
der without noticeable loss of enzymatic activity upon storage, (e) they can act 
in the presence of organic solvents, allowing the use of water-insoluble sub- 
strates, and (f) they often lead to excellent ee’s for the remaining epoxide, but 
also in certain cases for the diol formed, which can itself be used as such or can 
be either cyclized back to the enantiopure epoxide or derivatized into reactive 
epoxide-like chiral synthons (cyclic sulfite or sulfates). The recent practical 
improvements described by various groups, i.e. the possibility of using lyo- 
philized powders of either whole cells or crude enzymatic extracts -which make 
these biocatalysts “easy-to-use” tools for the organic chemist - as well as the 
possibility of getting these enzymes to work either in the presence of water- 
miscible solvents or in a two-liquid-phase system, are obviously highly interesting 
arguments in favor of the use of these enzymes. 

As a conclusion, examination of the present literature clearly indicates that, 
depending on the circumstances, any of the methods described in this review 
may be “the best” for the preparation of a given enantiopure epoxide. In parti- 
cular, the recent progress achieved by using metal-catalyzed chemical processes 
obviously has to be taken into account. As far as biocatalytic methods are con- 
cerned, one can anticipate that, in the near future, lipases or, better, epoxide 
hydrolases, will prove to be “the best” choice, particularly as far as industrial 
applications are concerned. Research is ongoing in diverse laboratories to ex- 
plore the scope and limitations of these very promising enzymes. 
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Oxynitrilases are enzymes which catalyse the formation and cleavage of cyanohydrins. The 
cyanohydrin formation reaction proceeds by stereoselective addition of hydrogen cyanide to 
aldehydes or ketones to give enantiopure a-hydroxynitriles. This simple method of C-C bond 
formation has become a promising method to obtain a number of biologically active com- 
pounds. Cyanohydrin fission plays an important role in nature and is involved in plant defence 
where hydrogen cyanide is liberated upon plant damage. Among the known oxynitrilases only 
the (Jf)-oxynitrilase from Prunus amygdalus and the (S)-oxynitrilases from Hevea brasilien- 
sis and Manihot esculenta are available in sufficient quantities which allow cyanohydrin for- 
mation on a larger scale. Prunus amygdalus oxynitrilase can easily be isolated from natural 
sources (bitter almond bran) and for two (S)-oxynitrilases functional overexpression allows 
their production in sufficient amounts for broad preparative applications. The three dimen- 
sional structure of the (S)-oxynitrilase from Hevea brasiliensis has been determined, and sug- 
gestions concerning the reaction mechanism have been discussed. Several procedures 
employing oxynitrilases have been developed to date which enable cyanohydrin formation on 
a preparative scale, particularly the use of buffer solutions as the reaction medium, organic 
solvents with immobilised enzymes, as well as biphasic reaction systems. Possible follow up 
reactions of the generated hydroxy and nitrile functionality, as well as the conversion of un- 
saturated cyanohydrins into valuable asymmetric compounds are outlined. 

Keywords: Cyanogenesis, Enantioselective syntheses. Cyanohydrins, Enzyme catalysed reac- 
tions. 
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1 

Introduction 

When developing new pharmaceutical compounds with chiral centres it is 
necessary to prepare all possible stereoisomers in enantiopure form in order to 
explore their effects in therapy and to study their metabolic pathways [1]. In 
general, only one enantiomer has the desired therapeutical effect, while the 
other one is ineffective or even harmful [2]. Therefore, the preparation of enan- 
tiopure compounds is advantageous and, in some cases, a necessity. As an alter- 
native to common resolution techniques which can be sometimes laborious, 
several methods for direct asymmetric syntheses have been developed [3, 4]. 
Theoretically, these techniques can give a quantitative yield of the desired pro- 
duct with an economical use of raw materials, energy and less waste material 
production. Chiral cyanohydrins can play an important role in this area since 
their synthesis leads to a C-C bond and introduces both a hydroxy and a nitrile 
functionality which can be transformed further. Chiral cyanohydrin formation 
is a rather uncomplicated reaction in which hydrogen cyanide is reacted with 
carbonyl compounds (i. e. aldehydes or ketones) by the use of a chiral catalyst. A 
comparison of the advantages and disadvantages of chemical versus enzymat- 
ical methods indicates that the latter approach is the method of choice, because 
biocatalysts can produce products in excellent enantiopurities as well as high 
isolated yields [2]. Furthermore, waste treatment can be reduced to a minimum 
since enzymes are biodegradable. Oxynitrilases can also be used as chiral bio- 
catalysts. In the last decade a number of oxynitrilases have been isolated and 
characterised [5]. These enzymes exhibit different stereoselectivities and also 
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vary in the nature of carbonyl compounds accepted as substrates. In almost all 
cases oxynitrilases have been isolated from plant sources [6] where they play an 
important role as a defence mechanism of the plant against herbivores or micro- 
bial attack [7-9] and in amino acid anabolism [8, 10]. This review concentrates 
on the progress made in this area concerning biological characterisation, ge- 
netic elaboration as well as procedures used for the biotransformation and the 
synthetic applications of cyanohydrins as useful chiral intermediates. 

2 

Oxynitrilases 



2.1 

Natural Occurrence 

To date about 3000 plant species and also a small number of other organisms are 
known to be able to release hydrogen cyanide spontaneously from their tissues 
[6, 11 - 14]. This ability is commonly known as cyanogenesis. In approximately 
300 cyanogenic plants, the source of HCN was identified to be a cyanogenic 
glycoside or cyano lipid [5, 11] (Fig. 1). In these HCN storage compounds the 
a-hydroxy group of the cyanohydrin is attached to a sugar moiety via a glyco- 
sidic bond or it is protected as a fatty acid ester. 

These cyanide donors can be cleaved either spontaneously or by the action of 
enzymes which enhances the velocity of HCN liberation significantly. One class 
of enzymes involved in the cyanogenic pathway was thought to be oxynitrilases 
[15]. However, oxynitrilases could only be found in a few cyanogenic plants, 
among them important food plants like manjok {Manihot esculenta) [16] and 
millet {Sorghum bicolor) [17]. Several oxynitrilases from the Rosaceae family 
[18-26] and from the plant families of Linaceae [27, 28], Filitaceae [29], Olaca- 
ceae [30, 31] and Euphorbiaceae [16, 32, 33] have also been isolated and investi- 
gated in more detail. 

Among the 1 1 oxynitrilases isolated from six plant families and purified to 
homogeneity to date (Table 1), only four attained preparative interest due to 
their sufficient availability from natural plant sources or successful functional 
overexpression. 



2.2 

Function in Cyanogenic Plants 

The presence of high concentrations of cyanohydrin cleavage products during 
cyanogenesis, i.e. aldehydes, ketones and hydrogen cyanide, is usually highly 
toxic to animals and microorganisms [9] . This mechanism plays a key role in the 
self defence of cyanogenic plants [34]. If the subcellular structures of the plant 
are destroyed, several enzymes gain access to the cyanogenic glycosides or lipids 
which were previously localised in separate cell compartments [5]. The libera- 
tion of HCN is a two-step reaction. First, the action of a jS-glycosidase cleaves the 
cyanogenic glycoside into a sugar residue and a cyanohydrin moiety [7]. Second, 
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Linamarin 



Linustatin 




cyanogenic lipids 

Fig. 1 . Naturally occurring cyanogenic glycosides and cyanogenic lipids from various plant 
sources 



the released cyanohydrin is cleaved either spontaneously by base catalysis or 
enzymatically by the action of oxynitrilases to release the corresponding car- 
bonyl compound and hydrogen cyanide [ 15] . Since cyanohydrins are unstable at 
pH values exceeding five, the necessity of an oxynitrilase for HCN liberation was 
not clearly understood for a long time. The role of oxynitrilases has become 
more obvious only recently [34, 35]. It was shown that the protective effect and 
the efficiency thereof did not depend on the total amount of cyanogenic glyco- 
sides in the plant but on the rate at which HCN is liberated from the plant tissue. 
In this context, oxynitrilases play a key role in cyanogenesis because it was 
shown that they significantly enhance the rate of cyanohydrin fission [6, 10, 15, 
34] (Scheme 1). 




Table 1. Biochemical properties of purified oxynitrilases from various plant sources 
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Phlebodium aureum Filitaceae 168±30-40 3 [K) 6.5 - (fJ)-mandelonitrile [29] 

Ximenia americana Olacaceae 110 3 (S) 3.9-4.0 5.5 - (S)-mandelonitrile + [30,31] 
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1-cyanoalanine 
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Scheme 1. Role of cyanogenic glycosides and oxynitrilases in the metabolism of cyanogenic 
plants 



Another important role of cyanogenic glycosides in nature is that of nitrogen 
storage and their subsequent function as a nitrogen source [8, 10, 36]. Huge 
amounts of the cyanogenic glycoside linamarin could be found in the seeds of 
the rubber tree Hevea brasiliensis. After germination, this compound is meta- 
bolised to non-cyanogenic compounds without HCN liberation [10, 37]. More 
detailed investigations showed that hydrogen cyanide is reacted with cysteine to 
give jS-cyanoalanine which is a precursor of asparagine. The enzyme involved in 
this conversion, the jS-cyanoalanine synthetase, can be found in all cyanogenic 
plants. The asparagine formed is then channelled into the anabolism of amino 
acids [36,38-41]. 



2.3 

Biochemical Properties 

To classify the known oxynitrilases, two broad groups have been defined. Namely, 
flavine adenine dinucleotide (FAD) containing oxynitrilases and FAD free oxy- 
nitrilases [7]. 
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The FAD containing oxynitrilases can be found exclusively in the Rosaceae 
plant family, namely in the Prunoideae and in the Maloideae [18] . Therefore it is 
not surprising that these enzymes show similar biochemical properties [19, 22]. 
They are M-glycosylated single chain proteins with a carbohydrate content up to 
30% [22]. Their molecular weight ranges from 50 to 80 kDa [5] and several 
different isoforms have been described, which may differ by the degree of gly- 
cosylation and in their primary structure [23, 42]. The natural substrates of all 
these oxynitrilases are either (i?)-prunasin or (i?)-amygdalin which contains 
(f?)-(+)-mandelonitrile as the chiral aglycon [11, 14]. The analogy between of 
these groups of oxynitrilases can also be found in their similar immunological 
behaviour [19]. Their isoelectric points have been reported to be in the range 
4.2 -4.8 [5] and, in every case, a flavine adenine dinucleotide (FAD) is attached 
non-covalently as prosthetic group in a hydrophobic region next to the active 
centre of the protein. The presence of this FAD in an oxidised form seems to be 
essential for the oxynitrilase activity of these enzymes [43 -51]. The FAD group 
is not directly involved in the cyanogenic pathway [48] since cyanohydrin fis- 
sion does not occur via a net oxidation or reduction reaction. Therefore, a struc- 
ture stabilising effect of this group has been suggested, since oxynitrilase activi- 
ty is lost if FAD is removed [43, 48, 49, 52, 53]. A catalytically active serine has 
been identified to be involved in the action of these enzymes by inhibition ex- 
periments with diisopropylfluorophosphate [28]. In addition, a free cysteine 
residue also seems to be important for oxynitrilase activity, since common SH 
reagents as well as the chemical modification with a, jS-unsaturated propio- 
phenones [50, 54] lead to inactivation. The oxynitrilase of Prunus serotina has 
been reported to show significant similarity to FAD-dependent oxidoreductases 
[24]. Corresponding to this model, FAD containing oxynitrilases might have 
developed from a common precursor flavine containing oxidoreductase which 
has subsequently lost its ability to catalyse redox reactions. The FAD remaining 
as a structurally important domain has consequently been preserved during the 
evolution [48]. 

Oxynitrilases which do not contain FAD can be found in various plant families 
[16, 27, 29, 31, 55-57]. Therefore, completely different biochemical properties 
have to be expected. They are not related to the FAD containing oxynitrilases at 
all and differ greatly in molecular mass, glycosylation content, isoelectic point 
and also in structure. The oxynitrilases from Sorghum bicolor [25, 26, 28, 57 - 59] , 
Sorghum vulgare [55,56] and Ximenia americana [30,31] employ the chiral cya- 
nogenic glycosides (S)-dhurrin and (S)-sambunigrin as substrates which con- 
tain (S)-4-hydroxymandelonitrile and (S)-mandelonitrile as chiral aglycons. In 
the case of the oxynitrilases from Linum usitatissimum [27, 58, 60], Hevea brasi- 
liensis [32-34,61] and Manihot esculenta [16,62],linamarine is the natural cya- 
nogenic glycoside substrate which contains the achiral acetone cyanohydrin. 
These enzymes are not glycosylated. Additionally, oxynitrilases from Linum and 
Manihot contain lotaustraline with (i?)-2-butanone cyanohydrin as aglycon. The 
molecular masses of the native protein vary in the range 58-180 kDa and the 
isoelectric points are between 3.9 and 4.6 [5]. Recently, another FAD-indepen- 
dent (R)-oxynitrilase which employes (R)-mandelonitrile as natural substrate 
has been isolated from Phlebodium aureum leaves [29]. 
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2.4 

Molecular Cloning and Overexpression 

Among the known oxynitrilases from cyanogenic plants, only four are available 
in sufficient quantities to allow synthetic application. Prunus amygdalus oxyni- 
trilase can very easily be isolated from its natural source, the almond tree [23, 25, 
26, 49, 56, 63-66] and is even commercially available. Defatted almond meal 
(bran), prepared by grinding almonds and treatment with an organic solvent to 
remove organically soluble products, gives an enzyme preparation in which the 
oxynitrilase is associated with its natural matrix and therefore does not require 
immobilisation to enhance its stability against denaturation [66]. 

Sorghum bicolor oxynitrilase was purified and characterised, but a functional 
overexpression has failed to date. The core protein was expressed correctly, but 
the posttranslational processing (glycosylation) could not be performed in the 
host organisms used. Since plants differ in the manner of glycosylation compar- 
ed to simple eucaryotic organisms, functional overexpression of the oxynitrilase 
from Sorghum bicolor seems not to be possible in the foreseeable future [67]. 

In contrast, good progress has been made in the overexpression of the oxy- 
nitrilase from Hevea brasiliensis [32]. This enzyme can easily be isolated from 
the plant material of the rubber tree by homogenisation of the frozen leaves and 
has been purified to homogeneity in a five-step purification procedure [32, 33, 
61]. Subsequently, this enzyme has been cloned and overexpressed in Escheri- 
chia coli K 12 and Sacharomyces cerevisiae [32]. Overexpression of this oxyni- 
trilase in E. coli resulted in the formation of inclusion bodies. Their renaturation 
is laborious and only low specific activities are obtained. Overexpression in 
S. cerevisiae yielded a highly active soluble oxynitrilase with a specific activity 
of 22 lU ml“f Recently the highly productive overexpression of this oxynitrilase 
in the methylotrophic yeast Pichia pastoris, in which up to 60% of the cellular 
protein consist of recombinant oxynitrilase [68, 69], has been achieved. The 
specific activity has been determined to be 40 lU ml“^ which is about twice the 
value of that found in the isolated and purified natural enzyme. Remarkably, this 
enzyme was the first oxynitrilase produced by genetic means and is now available 
in any quantity, since high cell density fermentation allows its extremely eco- 
nomical production [68]. 

Progress has also been made in the overexpression of the oxynitrilase from 
Manihot esculenta (cassava) [67, 70] in Escherichia coli. As mentioned previous- 
ly, this oxynitrilase is very similar to the Hevea enzyme [16, 32], because both 
plants belong to the same plant family, the Euphorbiaceae. A fermentation on the 
40 1 scale gave, after simple purification, a total amount of about 40,000 lU of 
oxynitrilase activity and allowed the exploration of its ability to catalyse the 
formation of (S)-cyanohydrins [67]. 



2.5 

Three-Dimensional Structure 

X-ray structure determination of crystallised enzymes is of paramount impor- 
tance in obtaining a better understanding of the reaction mechanism of the 
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enzyme in question and to give the basis for enzyme engineering. Recently, 
crystallisation of the (R)-oxynitrilase from Prunus amygdalus has been reported 
[71]. Four isomeric forms of this enzyme could be determined. However, a high 
resolution crystal structure of this oxynitrilase has not been published to date. 

Better progress has been made in the structural characterisation of the Hevea 
brasiliensis oxynitrilase, the first three dimensional structure of an oxynitrilase 
being obtained with excellent resolution [72, 73] (Fig. 2). 

A comparison of the secondary structure of this enzyme with others led to 
the conclusion that this oxynitrilase belongs to the family of the a, jS-hydrolase 
fold enzymes [74-76] (Fig. 3). 




Fig. 2. Stereoview ribbon presentation of the chain fold of the oxynitrilase from Hevea brasi- 
liensis [73] 




Fig. 3. Topology of the oxynitrilase molecule from Hevea brasiliensis. Helices are represented 
by rectangles and fi strands by arrows, the position of the key amino acid residues are marked 
[73]. The upper left insert shows the topology of the ‘prototypic hydrolase fold’ [74] 
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Fig. 4. Surface representation of the Hevea brasiliensis oxynitrilase. The entrance channel to 
the active site is indicated by an arrow [73] 



In this superfamily, esterases, oxidoreductases, dehalogenases and carboxy- 
peptidases can also be found [73 and references therein]. Characteristically, 
these enzymes consist of a highly conserved jS-sheet region, surrounded by 
a-helical domains. A variable so called “cap region” completes their structural 
appearance. The active site of Hevea oxynitrilase has been found to lie deep in- 
side the protein molecule and is accessible via a narrow tunnel [73] (Fig. 4). 

The amino acids SerSO, His235 and Asp207 appeared to form the catalytic 
triade which corresponds to other a, jS-hydrolase fold enzymes [32, 76]. Cys81 
also seems to play a significant role in the catalytic process, since its replacement 
with serine by site directed mutagenesis resulted in reduced catalytic activity 
[32,76]. 



3 

Formation of Enantiomerkally Enriched Cyanohydrins Employing Chiral 
Chemical Catalysts and Lipase Catalysed Kinetic Resolution 

It has been reported that histidine containing cyclic dipeptides catalyse the 
formation of optically active cyanohydrins. By this means a number of aromat- 
ic, aliphatic as well as heteroaromatic aldehydes and ketones could be converted 
into the corresponding enantiomerically enriched cyanohydrins [77-87]. Inter- 
estingly, cyanohydrin formation using this class of catalysts is suppressed by 
small amounts of benzoic acid. This finding suggests that the mechanism of the 
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dipeptide catalysed cyanohydrin formation could have common features to the 
reaction course catalysed by oxynitrilases [77, 79], because benzoic acid is also 
known to be a strong inhibitor of these enzymes [49, 88]. Danda et al. [89] ob- 
served that the addition of a small amount of an optically pure cyanohydrin to 
the cyclic dipeptide catalyst gave significantly higher enantiomeric purities. 
This finding has been explained by the formation of another, more selective 
catalytic species. Although in some cases excellent enantiomeric purities could 
be obtained, a broader application is hindered by a narrow substrate range and 
insufficient optical purity. 

Furthermore, several chiral Lewis acid complexes of titanium [90-95], tin 
[96], rhenium [97, 98], boron [99], and magnesium [100] have been employed 
for the preparation of chiral cyanohydrins. However, only in some cases are the 
enantiomeric excesses satisfactory. 

Using optically active aldehydes, ketones or chiral complexes of prochiral car- 
bonyl compounds can induce the diastereoselective addition of hydrogen cya- 
nide to the carbonyl carbon. In this case the substrate range is also very narrow 
and only in some cases are the obtainable optical yields satisfactory [101 - 106]. 

Other possibilities to prepare chiral cyanohydrins are the enzyme catalysed 
kinetic resolution of racemic cyanohydrins or cyanohydrin esters [107 and refer- 
ences therein], the stereospecific enzymatic esterification with vinyl acetate 
[108-111] (Scheme 2) and transesterification reactions with long chain alcohols 
[107, 112]. Many reports describe the use of lipases in this area. Although the 
action of whole microorganisms in cyanohydrin resolution has been described 
[110-116], better results can be obtained by the use of isolated enzymes. Lipases 
from Pseudomonas sp. [107, 117-119], Bacillus coagulans [110, 111], Candida 
cylindracea [112, 119, 120] as well as lipase AY [120], Lipase PS [120] and the 
mammalian porcine pancreatic lipase [112, 120] are known to catalyse such 
resolution reactions. 

However, a general disadvantage of kinetic resolution is that the theoretical 
maximum yield is limited to 50 %. To overcome this restriction, racemisation 
techniques during the resolution have been developed. However, only in a few 
cases are the optical purities comparable to those obtained with oxynitrilases 
[121-123]. 

4 

Oxynitrilase Catalysed Formation of Chiral Cyanohydrins 



4.1 

Substrate Range: Scope and Limitations 



4.1.1 

(R)-Oxynitrilases 

In 1908 Rosenthaler [124] reported the enantioselective synthesis of (R)-man- 
delonitrile catalysed by an enzyme preparation from almond meal called emul- 
sin. This remarkable result did not attract any scientific attention for a con- 
siderable time [125-127]. In the early 1960s the investigation of this interesting 
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Scheme 2. Kinetic resolution of racemic cyanohydrins by lipase catalysed hydrolysis and by 
lipase catalysed irreversible esterification with vinyl acetate 



route to chiral cyanohydrins was continued. It was found that the aforementio- 
ned Prunus amygdalus oxynitrilase is responsible for this catalytic effect and 
this enzyme was employed in the synthesis of several aliphatic, unsaturated, aro- 
matic and heteroaromatic cyanohydrins [49, 65, 88, 128] (Scheme 3). However 
only with a few substrates were good optical purities obtained and, in particular, 
slow reacting aldehydes gave unsatisfactory optical yields due to the aqueous 
ethanol containing reaction system used [49, 65, 88, 128]. In this solvent, at a pH 
value of five, the spontaneous addition of hydrogen cyanide is obviously not 
sufficiently suppressed to yield higher enantiopurities [128- 131]. In contrast to 
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O OH 

oxynitrilase 
+ HCN ^ 

Ri: alkyl or aryl 
R2: H or alkyl 

Scheme 3 . Principal reaction sequence of enzyme catalysed cyanohydrin formation 





that, Kula et al. were able to suppress the chemical cyanohydrin reaction in 
aqueous medium by reducing the pH value to below 4.0 [132, 133]. Unfortu- 
nately, the stability of the oxynitrilase at such low pH values is not very high and 
rapid deactivation took place. This phenomenon can be overcome by the use of 
higher enzyme quntities but in the case of slow reacting aldehydes the enantio- 
meric excess still remained unsatisfactory. A major breakthrough was the ob- 
servation that the spontaneous addition of hydrogen cyanide can be greatly sup- 
pressed by the employment of an organic solvent which is not miscible with 
water [129 - 131]. Ethyl acetate or diisopropyl ether have been reported to be such 
suitable organic solvents although a number of other solvent systems have been 
investigated for this purpose [ 134] . In these solvents even slow reacting carbonyl 
compounds can be converted with a negligible amount of chemical HCN addi- 
tion, which would lower the optical purity of the product. Fortunately, the 
range of carbonyl compounds accepted as substrates by Prunus amygdalus 
oxynitrilase is very broad, which allows the formation many of aldehyde [65,88, 
128-131, 135-137] and ketone cyanohydrins [138] with excellent enantiopurity 
(Table 2). 

Among the suitable organic solvents for cyanohydrin synthesis, diisopropyl 
ether is especially advantageous, since when using it the enzyme activity 
remains almost constant over a long period of time [139]. In the case of ethyl 
acetate as reaction medium, a more or less rapid inactivation of the oxynitrilase 
was observed. However, it seemed to be necessary to immobilise the enzyme to 
enhance its stability [140], which can be advantageous with respect to reisola- 
tion and reusage of the enzyme preparation [2]. 

Ketones have also been converted into the corresponding cyanohydrins by 
the use of Prunus amygdalus oxynitrilase (Table 3). Although chiral ketone cya- 
nohydrins are valuable intermediates in the preparation of several bioactive 
compounds [113, 141 - 144], their preparation by other methods is only poorly 
described. Only when this oxynitrilase was used for cyanohydrin formation was 
a broader substrate range accessible. Most of the publications in this area de- 
scribe the conversion of substituted methyl ketones (2-alkanones) [138]. This 
class of ketones gives the corresponding cyanohydrins in yields and selectivities 
comparable to those obtained with aldehydes. 3-Alkanones have also been in- 
vestigated but they do not seem to be ideal substrates for the Prunus amygdalus 
oxynitrilase, since the chemical and optical yields of the corresponding cyano- 
hydrins in general are lower [145]. 

Other (K) -oxynitrilases have also been used for the purpose of cyanohydrin 
formation. One of them is the oxynitrilase from Linum usitatissimum (flax). 
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Table 2. Synthesis of (R)-cyanohydrins by Prunus amygdalus oxynitrilase catalysed addition of 
HCN to aldehydes RCHO 


R 


Conditions 


Conversion 


Enantiomeric 


Ref. 






[%] 


excess [%] 




CsHs 


A 


95 


99 


[129] 




B 


100 


99 


[66] 


4-CH3C6H4 


A 


75 


98.5 


[131] 


4-CH3OC6H4 


C 


55 


93 


[135] 




B 


47 


99 


[66] 


3-PhOC6H4 


A 


99 


98 


[129] 


3-NO2C6H4 


A 


89 


89 


[131] 


4-CIC6H4 


A 


94 


97 


[131] 


3,5-Cl2-3NH2C6H2 


C 


0 


0 


[135] 


3-CF3C6H4 


A 


76 


75 


[161] 


4-OHC6H4 


A 


0 


0 


[161] 


4-(CH3)2NC5H4 


A 


0 


0 


[161] 


piperonyl 


C 


50 


93 


[135] 


2-furyl 


D 


96 


99 


[137] 


3-furyl 


D 


96 


99 


[137] 


2-thienyl 


D 


71 


99 


[137] 


3-thienyl 


D 


95 


99 


[137] 


2-(5-CH3-furyl) 


B 


70 


99 


[66] 


3-pyridyl 


A 


97 


82 


[2] 


3-indolyl 


A 


0 


0 


[161] 


CH3(CH2)2 


E 


100 


95 


[170] 


(CH3)2CH 


E 


99 


83 


[170] 


CH3(CH2)3 


E 


100 


97 


[170] 


(CH3)2CHCH2 


E 


100 


94 


[170] 


CH3(CH2)6 


E 


98 


87 


[170] 


CH3(CH2)8 


E 


94 


63 


[170] 


(CH3)3C 


A 


84 


83 


[2] 


cyclohexyl 


A 


90 


98.5 


[131] 


3-cyclohexenyl 


C 


86 


55 


[135] 


CH3S(CH2)2 


A 


98 


96 


[2] 


C6H5CH2 


A 


88 


74 


[131] 


C6H5(CH2)3 


A 


94 


90 


[2] 


C6H5OCH2 


C 


83 


0 


[135] 


(£)-CH3CH=CH 


C 


94 


95 


[135] 


(£,£)-CH3CH=CHCH=CH 


F 


36 


95 


[154] 


(£)-C6H5CH=CH 


C 


54 


99 


[216] 



A: Avicel, ethyl acetate/HOAc-buffer (pH 5.4), HCN, rt. B: almond meal, ethyl acetate/citrate 
buffer (pH 5.5), HCN, 4°C. C: EtOH/HOAc -buffer (pH 5.4), HCN, 0°C. D: Avicel, diisopropyl 
ether/HOAc-buffer (pH 3.3), HCN, RT. E: almond meal, diisopropyl ether/citrate buffer 
(pH 5.5), acetone cyanohydrin, RT. F: Et20/H0Ac-buffer (pH 5.0), acetone cyanohydrin, RT. 
C: almond meal, methyl f-butyl ether/citrate buffer (pH 5.5), HCN, 5 °C. 
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Table 3. Synthesis of (K)-ketone cyanohydrins by Prunus amygdalus oxynitrilase catalysed 
addition of HCN to A methyl ketones (RCOCH3) and B ethyl ketones (RCOCH2CH3) 



RCOCH 3 


Conditions 


Conversion 

[%] 


Enantiomeric 
excess [%] 


Ref. 


A 


R= CH 3 CH 2 


A 


80 


76 


[138] 


CH3(CH2)2 


A 


70 


97 


[138] 


CH3(CH2)3 


A 


90 


98 


[138] 


CH3(CH2)4 


A 


88 


98 


[138] 


(CH 3 ) 2 CH 


A 


54 


90 


[138] 


(CH3)2CHCH2 


A 


57 


98 


[138] 


(CH3)2CH(CH2)2 


A 


64 


98 


[138] 


CH 2 =CHCH 2 


A 


68 


94 


[138] 


CH 2 =CH(CH 2)2 


A 


80 


97 


[138] 


C1(CH2)3 


A 


87 


84 


[138] 


B 


R= CH3(CH2)2 


B 


33 


85 


[145] 


CH3(CH2)3 


B 


21 


90 


[145] 


CH3(CH2)4 


B 


7 


66 


[145] 


(CH3)2CHCH2 


B 


0 


0 


[145] 



A: Avicel, diisopropyl ether/HOAc-buffer (pH 4.5), HCN, 0°C or 20°C. B: Avicel, diisopropyl 
ether/HOAc-buffer (pH 4.5), HCN, 0°C or 20°C. 



This enzyme is obviously able to convert aliphatic aldehydes and ketones into 
the corresponding cyanohydrins although detailed information on the enantio- 
meric excess was not given [60]. The (i?) -oxynitrilase from Phlebodium aureum 
also was also used for the formation of chiral cyanohydrins [29]. While aliphat- 
ic carbonyl compounds are not suitable substrates for this enzyme, a few aro- 
matic and heteroaromatic aldehydes could be converted with good optical puri- 
ties. In search of additional (I?)-oxynitrilases, Kiljunen investigated apple, 
cherry, plum and apricot seeds as oxynitrilase sources and compared the per- 
formance of Prunus amygdalus oxynitrilase with the enzyme isolated from 
homogenised apple seeds (apple meal) [ 146, 147] . The result of this investigation 
was that this enzyme preparation behaves in a manner similar to the almond 
oxynitrilase. Long chain aliphatic as well as bulky substituted aromatic aldehy- 
des, in addition to several ketones, were reacted to give the corresponding enan- 
tiomerically enriched cyanohydrins. 



4.1.2 

(S)-Oxynitrilases 

In 1961 Bove and Conn isolated and characterised the first (S) -oxynitrilase from 
Sorghum vulgare seedings (millet) [55]. Subsequently, another (S) -oxynitrilase 
from Sorghum bicolor [26] was isolated. These enzymes differ from the {R)-oxy- 
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nitrilases of the Rosaceae family with regard to their biochemical and catalytic 
properties [25, 26, 56, 57, 59, 65, 148], The major structural difference is the 
absence of a prosthetic FAD -group. The isolation and purification from the 
natural plant source is much more laborious than in the case of the Prunus oxy- 
nitrilase and yields only small amounts of purified enzyme in three isoforms. 
Presumably this was the reason why this oxynitrilase was only recently employed 
in cyanohydrin formation [133, 149]. Another striking difference to other oxy- 
nitrilases is the relatively high substrate specificity of this enzyme. Sorghum 
oxynitrilase only catalyses the formation of aromatic cyanohydrins. Aliphatic 
aldehydes as well as ketones cannot be used as substrates for this oxy- 
nitrilase [133, 149, 150]. Therefore, in the last years it has been attempted to 
identify (S)-oxynitrilases which can catalyse the conversion of these substrates 
(Tables 4-6). 

The first described (S) -oxynitrilase which fulfils these requirements was iso- 
lated from the rubber tree Hevea brasiliensis [16, 32, 33, 61]. This oxynitrilase 
accepts aliphatic as well as aromatic aldehydes of varying structure and chain 
length [151-153] in addition to ketones [68]. 

Good progress was also made for the (S) -oxynitrilase from Manihot esculenta 
[16, 62, 70]. Overexpression in E. coli gave sufficient amounts of enzyme to 
characterise its properties [67] and it was found that this oxynitrilase catalyses 
the formation of aliphatic, aromatic and heteroaromatic aldehydes and ketones 
[67] . The substrate range is very similar compared to that of the aforementioned 
oxynitrilase from Hevea brasiliensis [151-153] which is not surprising since 
these two enzymes belong to the same plant family and resemble each other in 
secondary and three dimensional structure (see Sect. 2.4). 

Another (S)-oxynitrilase was isolated from Ximenia americana leaves and 
seems to accept aromatic aldehydes since it catalyses mandelonitrile fission [31]. 
However, the investigation of this oxynitrilase probably suffers from its inade- 
quate natural occurrence. 



4.2 

Reaction Mechanism 

In general, little is known about the mechanisms of the oxynitrilase catalysed 
cyanohydrin reaction. In case of the (ii)-oxynitrilases mechanistic approaches 
were reported [50, 154]. However, these preliminary studies suffer partly from 
insufficient experimental data [51]. Among the (S)-oxynitrilases, the enzymes 
from Hevea brasiliensis and Manihot esculenta have been explored in more 
detail very recently. Site directed mutagenesis led to the identification of the 
amino acids involved in the catalytic process (catalytic triade) and revealed that 
they belong to the a,jS-hydrolase fold class of enzymes [32, 69, 76, 155] which 
corresponds to the structural data [72, 73]. Inhibition studies showed that both 
oxynitrilases are strongly deactivated by the action of serine modifying reagents 
such as diisopropylfluorophosphate [61, 62]. Histidine modifying reagents also 
heavily inhibit the Hevea brasiliensis oxynitrilase [61]. Inhibition could also be 
detected by the action of thiol specific reagents indicating that a cysteine is 
involved in the catalytic mechanism. All these findings led to the conclusion that 





Table 4. Formation of aromatic (S)-cyanohydrins by addition of HCN to aldehydes RCHO catalysed by different (S)-oxynitrilases 
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Tables. Formation of aliphatic (S)-cyanohydrins by addition of HCN to aldehydes RCHO cata- 
lysed by different (S)-oxynitrilases 



R Manihot esculenta Hevea brasiliensis 





Conversion 

[%] 


Enantio- 

meric 

excess 

[%] 


Ref. 


Conversion 

[%] 


Enantio- 

meric 

excess 

[%] 


Ref. 


CH 3 CH 2 


86 


91 


[67] 








CH 3 (CH 2)2 


70 


88 


[62] 


n.d. 


80 


[153] 


CH3(CH2)3 


100 


91 


[67] 








CH 3 (CH 2)4 








81 


96 


[ 68 ] 


CH 3 (CH 2)2 








n.d. 


85 


[153] 


(CH 3 ) 2 CH 


91 


95 


[67] 


n. d. 


81 


[153] 


(CH3)3C 


80 


94 


[67] 


n. d. 


67 


[153] 


Cyclohexyl 


100 


92 


[67] 


95 


99 


[ 68 ] 


CH 2 =CH 


100 


47 


[67] 


98 


94 


[151] 


(£)-CH 3 CH=CH 


100 


92 


[67] 


80 


86 


[151] 


(£)-CH 3 (CH 2 ) 2 CH=CH 


82 


97 


[67] 


46 


95 


[151] 


(Z)-CH 3 (CH 2 ) 2 CH=CH 








35 


80 


[151] 


CH 3 (CH 2 ) 2 C=C 








88 


80 


[151] 


3-cyclohexenyl 








87 


99 


[152] 


(£)-PhCH=CH 








77 


92 


[ 68 ] 


PhCH 2 








44 


99 


[152] 


Ph(CH 2)2 








88 


93 


[152] 


PhOCH 2 








n.d. 


0 


[152] 


BnOCH 2 








92 


12 


[ 68 ] 



Table 6. Formation of (S)-cyanohydrins by addition of HCN to ketones RCOCH3 catalysed by 
different (S)-oxynitrilases 



R 


Manihot esculenta 




Hevea brasiliensis 




Conversion 

[%] 


Enantio- 

meric 

excess 

[%] 


Ref. 


Conversion 

[%] 


Enantio- 

meric 

excess 

[%] 


Ref. 


CH 3 CH 2 


91 


18 


[67] 








CH3(CH2)2 


36 


69 


[67] 


51 


75 


[ 68 ] 


CH3(CH2)3 


58 


80 


[67] 








CH3(CH2)4 


39 


92 


[67] 








(CH3)2CHCH2 


69 


91 


[67] 








(CH 3 ) 3 C 


81 


28 


[67] 


49 


78 


[ 68 ] 


C 6 H 5 


13 


78 


[67] 








C 6 H 5 CH 2 








74 


95 


[ 68 ] 
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SerSO plays a key role in both enzymes. In addition His236 and Asp208 as well as 
His235 and Asp207 were found to be essential for the enzyme activity of 
Manihot esculenta and Hevea brasiliensis, respectively. Based upon these find- 
ings, two different models of the reaction mechanism have been developed. In 
the case of Hevea brasiliensis oxynitrilase Wagner et al. and Hasslacher et al. [73, 
156] suggest the covalent binding of the prochiral carbonyl compound to the 
active site of the enzyme to give a hemiacetal or hemiketal structure forming the 
tetrahedral intermediate. More recently, a modified reaction mechanism for this 
oxynitrilase has been proposed [157]. 

Recently, Wajant and Pfitzenmaier [155] have presented a different mecha- 
nistic model for cyanohydrin fisson catalysed by Manihot esculenta oxynitrilase. 
In this approach the cyanohydrin is orientated in the active site of the enzyme 
by hydrogen bonding. 

However, since the structures of enzyme-substrate complexes have not been 
widely investigated yet, these mechanistic proposals have to be considered 
with care. 



4.3 

Methods of Biotransformation 



4.3.1 

Reaction in Aqueous Medium 

Oxynitrilase catalysed chiral cyanohydrin formation generally requires the 
employment of hydrogen cyanide. This reagent can be generated in situ by react- 
ing an aqueous alkali cyanide solution with an appropriate acidic component 
[64, 66, 88, 135, 151, 152, 158]. Using such a reaction system, one has to ensure 
that the spontaneous uncatalysed addition of HCN is sufficiently suppressed to 
obtain chiral cyanohydrins in good enantiomeric purities [129]. This goal can be 
achieved by adjusting the pH value to below 4.0 [ 132, 133]. This procedure avoids 
the employment of highly toxic free hydrogen cyanide. One disadvantage may, 
however, be the reduced enzyme stability at such low pH values [159, 160]. 
Employing this method, a number of good water soluble substrates could be 
converted. However, in the case of poorly water soluble carbonyl compounds 
such as m-phenoxybenzaldehyde [152], the chemical yields were particularly 
unsatisfactory [132, 133]. 

The following procedure is a typical example [152]. To a stirred solution of 
1 mmol aldehyde in 1.7 ml of 0.1 mol 1“^ sodium citrate buffer (pH 4.5), 2000 lU 
of (S)-oxynitrilase (1000 lU/ml) were added and the mixture was cooled down 
to ice bath temperature. Subsequently, 2.5 mmole equivalents of potassium cya- 
nide adjusted to pH 4.5 with cold 0.1 mol 1“^ citric acid (17 ml), were added in 
one portion. After stirring for 1 h at 0-5 °C, the reaction mixture was extracted 
with methylene chloride (3 x 50 ml). The combined organic layers were dried 
over anhydrous sodium sulfate and the solvent was removed by evaporation to 
give the crude cyanohydrin, which was purified by column chromatography 
using petroleum ether/ethyl acetate (5/1 or 9/1) acidified with trace amounts of 
anhydrous HCl as the eluent. 
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4.3.2 

Reaction in Organic Soivents with Immobiiised Oxynitrilases 

A major breakthrough in oxynitrilase catalysed cyanohydrin formation was the 
finding that the spontaneous addition of hydrogen cyanide to the carbonyl 
compound is almost completely suppressed by the employment of a non-water 
miscible organic solvent [64,66, 129, 131]. This approach offers several advantages. 
Due to the negligible chemical addition of HCN in such reaction systems, high 
optical purities could be obtained even in the case of slow reacting bulky 
carbonyl compounds. Furthermore, both the starting material and the chiral 
cyanohydrin are soluble in the reaction medium. Among the solvents used for 
the oxynitrilase catalysed preparation of chiral cyanohydrins [134], diisopropyl 
ether seems to be especially advantageous [139]. In contrast to ethyl acetate, the 
oxynitrilase activity remains almost constant for weeks in diisopropyl ether 
[134]. Obviously, the low solubility of water in diisopropyl ether is responsible 
for the enhanced activity and stability of oxynitrilases [139]. It was reported to 
be practical to immobilise the enzyme on a solid support, which allows a simple 
work up by filtration and enables the reuse of the enzyme preparation [2]. The 
simplest way of ‘immobilisation’ is the association with the natural matrix. This 
was shown to be the case for Prunus amygdalus oxynitrilase. Defatted almond 
meal obtained by the homogenisation of almonds in which the enzyme is bound 
was used without further purification for cyanohydrin formation [66]. Several 
other supports such as cellulose based ion exchangers like ECTEOLA-cellulose 
[88, 128, 129, 161],DEAE cellulose [129, 161],Sepharose4B [161], controlled pore 
glass beads [129] and silica gel [162] were investigated for cyanohydrin syn- 
theses. In addition, immobilisation was also carried out with micro crystalline 
cellulose (Avicel) [129, 138, 161], Eupergit C [161], nitrocellulose [67] and with 
Celite [139, 163]. The latter has been reported to be especially advantageous 
because of its hydrophobic nature which is obviously beneficial for the enzyme 
activity [164]. Another crucial point is the water content of the organic solvent 
employed. If the latter is not saturated with water (buffer) the enzyme will be 
removed from the carrier and loses its activity [163]. Alternatively, the covalent 
immobilisation and the fixation of oxynitrilases in liquid crystals have been 
described [165]. On the basis of these results a method for the continuous pro- 
duction of optically active cyanohydrins was developed which demonstrates 
remarkable productivities [166]. 

However, in such a reaction system the employment of hydrogen cyanide in 
a neat form is unavoidable. Alternatively, HCN can be created from an aqueous 
solution of alkali cyanide by acidification followed by extraction with an 
organic solvent which can be directly used for the enzyme catalysed reac- 
tion [66]. 

A representative example for cyanohydrin formation in organic solvents with 
immobilised oxynitrilases is the following [149]. A suspension of Avicel-cellu- 
lose (0.5 g) in 0.05 mol 1“^ phosphate buffer (pH 5.4, 10 ml), containing ammo- 
nium sulfate (4.72 g), was stirred for 1 h and a solution of (S) -oxynitrilase from 
Sorghum bicolor (50 pi, 1000 units ml“^ specific activity 70 units mg“^) was 
added. The mixture was stirred at room temperature for 10 min, filtered, and the 
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immobilised enzyme suspended in diisopropyl ether (10 ml). After addition of 
aldehyde (2 mmol) and HCN (300 pi, 7.5 mmol), the mixture was stirred until all 
aldehyde had reacted. After removal of the immobilised enzyme, the filtrate was 
concentrated to yield the crude cyanohydrin. 



4.3.3 

Reaction in Biphasic Solvent Mixtures 

Diphasic solvent mixtures can also be used for chiral cyanohydrin formation. 
Loos et al. reported optimisation studies during the development of an indus- 
trial process for the production of (i?)-mandelonitrile [167, 168]. A number of 
crucial reaction parameters such as pH-value, temperature, type of solvent and 
the phase ratio (organic/aqueous) were varied and optimised to give a highly 
productive method. 

Employing the (S)-oxynitrilase from Hevea brasiliensis in hiphasic solvent 
mixtures led to enantiomerically enriched cyanohydrins in good yields and se- 
lectivities [68]. Using high concentrations of several starting carbonyl compo- 
unds (1-1.5 mol 1“^) in the desired organic solvent gave the corresponding alde- 
hyde cyanohydrins in > 77 % chemical yield and > 92 % e.e. with the exception of 
benzyloxyacetaldehyde, which is obviously not an ideal substrate for this en- 
zyme. In all cases, a reaction time of approximately 1 h at 0-5°C was sufficient 
for a complete conversion. These two highly optimised reaction systems seem 
to allow the application of cyanohydrin formation on an industrial scale. 

A typical procedure follows [167]. Freshly distilled, benzoic acid free,benzal- 
dehyde (37.1 g = 0.35 mol), HCN (12.2 g = 0.45 mol and (i?)-oxynitrilase (78 mg) 
were dissolved in 225 ml of methyl t-butyl ether (MTBE) and 250 ml of 
50 mmol 1“^ citric acid buffer (pH 5.5) at 22°C. After stirring for 20 min the 
MTBE layer was separated and the aqueous layer was extracted with 25 ml of 
MTBE. The combined organic layers were dried over MgS 04 , filtered and con- 
centrated under reduced pressure (200 mbar) using a water bath (30 °C). Yield: 
45.2 g (97%), purity 98%, e.e. 98%. The aqueous layer was reused in a series of 
four consecutive experiments using the same amounts of reagents in the or- 
ganic phase. A total of 185.5 g of henzaldehyde was converted into 226 g of 
(l?)-mandelonitrile using 78 mg of (l?)-oxynitrilase (0.035% by weight). 



4.3.4 

Transhydrocyanation 

As pure hydrogen cyanide is highly toxic, alternative methods for enzyme cata- 
lysed cyanohydrin formation have been investigated. Ognyanov et al. [154] 
reported the use of acetone cyanohydrin in a Prunus amygdalus catalysed cya- 
nohydrin synthesis. This achiral cyanohydrin has several advantages. It is com- 
mercially available, well soluble in water and readily decomposes to HCN which 
is subsequently reacted to give the corresponding cyanohydrin. The byproduct 
acetone can easily be removed by distillation. 

Transhydrocyanation is a two-step equilibrium reaction [169] (Scheme 4). 
First, acetone cyanohydrin is cleaved by the action of the oxynitrilase which is 
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OH 
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oxynitrilase 


O 

A ^ 


HCN 


CN 








0 

1 


+ HCN 


oxynitrilase 


OH 




Rf 


CN 



Scheme 4. The principal reaction sequence of transhydrocyanation 



facilitated because of the favourable equilibrium position of ketone cyanohydrin 
fission. Second, the HCN formed is consumed in an enzyme catalysed reaction 
to give the enantiomerically enriched cyanohydrin. The slow rate of hydrogen 
cyanide evolution in such a reaction system is advantageous as it suppresses the 
uncatalysed chemical HCN addition which lowers the optical purity. Careful 
adjustment of the reaction conditions led to cyanohydrins with good to ex- 
cellent enantiopurities [154]. The influence of partition coefficients in bypha- 
sic systems was also investigated. It was shown that the substrates which are 
only poorly soluble in water give high optical purities whilst those which are 
easily soluble in water led to cyanohydrins with decreased e.e. values [154]. 
Increasing the chain length of the employed aldehydes resulted in a decrease 
of optical purity [170]. Since under the conditions employed transhydrocya- 
nation reactions seem to be slower than the direct asymmetric synthesis 
(hydrocyanation), especially with slow reacting carbonyl compounds, only 
moderate optical purities were obtained due to the predominance of the chem- 
ical HCN addition. This reaction system was also applied to the oxynitrilases 
from Hevea brasiliensis [153], Sorghum bicolor [150, 171] and for the cyano- 
hydrin synthesis starting from racemic aldehydes using the Prunus amygdalus 
oxynitrilase [172]. 

Some information is available concerning the kinetics of transhydrocyana- 
tion reactions employing benzaldehyde as the substrate [173]. In this study the 
time dependence of the concentrations of all educts and products were deter- 
mined by NMR spectroscopy. However, this complex kinetic system is still not 
fully understood. 

An example of cyanohydrin formation using acetone cyanohydrin as the 
cyanide source is given in the following procedure [154]. To a solution of 
120 mg (1 mmole) of phenylacetaldehyde and 1 10 mg (1.3 mmole) of acetone 
cyanohydrin in 11 ml of diethyl ether at 23 °C 0.50 ml of the oxynitrilase buf- 
fer solution (10 mg/ml, 0.4 mol 1“^ acetate buffer, pH 5.0) was added. The mix- 
ture was stirred for 18 h at 23 °C and diluted with 50 ml of ether. The aqueous 
phase was extracted with 2x10 ml of ether and the combined organic phases 
were dried over anhydrous magnesium sulfate. Evaporation of solvent gave a 
pale amber liquid that was chromatographed on a flash silica gel column in 
1:30:50 ethyl acetate-benzene-dichloromethane to afford 122 mg (83%) of 
cyanohydrin, e.e. 88%. 
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4.3.5 

Kinetic Resolution of Racemic Cyanohydrins 

Since in Nature oxynitrilases catalyse cyanohydrin fission it should be possible 
to employ this class of enzymes in kinetic resolution such as has already been 
described for lipases and esterases. (i?)-cyanohydrins should be obtainable via 
the action of an (S)-oxynitrilase since the (i?)-enantiomer does not seem to be a 
substrate for this oxynitrilase. Conversely, (S) -cyanohydrins should be available 
by the employment of an (i?)-oxynitrilase. In fact, several investigations were 
made in this area. It was reported that the oxynitrilase from Sorghum bicolor was 
able to resolve a racemic mixture of p-hydroxybenzaldehyde cyanohydrin, the 
natural substrate of this enzyme [174]. The oxynitrilase from Prunus amygdalus 
was used for the resolution of racemic cyanohydrins [175-177]. However, using 
this reaction system high yields of the desired compound can only be obtained 
if the reaction products, namely the liberated carbonyl compound and the evolv- 
ing HCN, are removed from the reaction mixture in a suitable manner. This 
technique is often accompanied by reduced yields due to the difficult work up 
procedures. Several techniques have been developed to circumvent these pro- 
blems. The removal of the above-mentioned reaction byproduct HCN can be 
achieved by either gas-membrane extraction [175] or by capture with co-bromo- 
aldehydes [178] or acetaldehyde [176]. Recently Effenberger and Schwammle report- 
ed the removal of the formed carbonyl compound byproduct by the action of 
sodium hydrogen sulfite, hydroxylamine and semicarbazide [177]. In some cases 
this method gave good optical purities but it seems to be limited to the resolution 
of aromatic and heteroaromatic aldehyde cyanohydrins. Furthermore, these car- 
bonyl modifying reagents harm the enzyme upon prolonged exposure. 

Although these resolution techniques can be successfully employed in some 
cases, they cannot compete with the direct asymmetric synthesis of optically 
active cyanohydrins. 

A typical procedure may be as follows [177]. Prunus amygdalus oxynitrilase 
(1500 lU, activity 2200 lU/ml) was added to a solution of (R,S)-mandelonitrile 
(10 mmol) in 200 ml citrate buffer (50 mmol 1“S pH 3.5) and the reaction mix- 
ture stirred for 0.5 h. Subsequently, 2.5 ml of a NaHSOj solution (2 mol 1“^) were 
added, followed by another 2.5 ml NaHS 03 solution after 3 h. After 10 h the pre- 
cipitate was filtered off and washed with dichloromethane. The aqueous filtrate 
was extracted three times with dichloromethane (100 ml). The combined or- 
ganic phases were washed with NaHSOj solution (2 mol 1“^), dried (MgS 04 ) 
and concentrated. Yield of (S)-mandelonitrile was 44%, e.e. 96%. 

5 

Enantiopure Cyanohydrins as Building Blocks in Chiral Syntheses 

5.1 

Synthetic Relevance of Cyanohydrins 

Chiral cyanohydrins can be valuable chiral building blocks in organic syntheses 
[2, 179] (Fig. 5). The interconversion of the hydroxyl functionality for example 
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(1 R,2S)-(-)-ephedrine 
a-sympathomimetic, CNS stimulant 
Ephetonin 



noradrenaline 

a- and p 2 -sympathomimetic 
Suprarenin, Novadral 




(R)-a-hydroxyphenylbutyiic acid 
chirai pool for ACE inhibitors 
Captoprii 




(R)-salbutamol 
p-adrenoreceptor blocker 
for bronchial asthma 
Sultanol 



(S)-propanolol 
p-adrenoreceptor blocker 
Cardinol, Bedranol 






(S)-4-oxotetrahydrofuranecarboxylic acid 
intermediate for leukotriene-antagonists 
(R)-eldanolide and for cephemcarboxylic acids (antibiotics) 

pheromone of the African sugar-cane borer 
Eldana sacctiarina 






Fenvalerate 

Cypermethrin synthetic pyrethroid 

synthetic pyrethroid 




Statine 

building blocks for bioactive peptides 




6h 

(9Z, 1 1 E, 1 3S)-1 3-hydroxyoctadeca-9, 1 1 -dienoic acid 
self defence agent against rice blast disease 



Fig. 5. Selected examples of relevant compounds in pharmaceutics and agriculture which can 
be prepared from chiral cyanohydrins 
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can give a-azidonitriles, a-aminonitriles, a-acetoxynitriles and a-fluoronitriles 
with inverted configuration. The nitrile group can be converted into valuable 
chiral species such as a-hydroxy acids, a-hydroxy aldehydes, a-hydroxy ketones 
and jS-aminoalcohols. Furthermore, this moiety can be attacked by metalorgan- 
ic reagents. Chiral cyanohydrins bearing other functionalities, such as a double 
bond, can be used for other valuable synthetic applications. 



5.2 

Chemical Transformations 



5.2.1 

Reaction of the Hydroxy Group 

The conversion of the hydroxy group of an enantiomerically enriched cyanohy- 
drin into a good leaving group allows an S^-type displacement reaction with 
inversion of configuration [180, 181] (Scheme 5). a-Sulfonyloxynitriles have 
been reported to be cyanohydrins with suitable leaving groups. Aliphatic sul- 
fonyl activated cyanohydrins can be prepared without loss of optical purity, 
whilst aromatic sulfonyloxynitriles are configurationally less stable [180, 181]. 
The mesylate of mandelonitrile can be prepared but the corresponding tosylate 
decomposes even at room temperature [180]. Furthermore, trifluoromethansul- 




1 : R^S02CI, pyridine. 2: Potassium phthaiimide, DMF (here pht: phthalogi). 3: Potassium azide, 
DMF. 4: UAIH4, Et20, -80°C; pFI7 with phosphate buffer. 5: KOAc, DMF. 6: KF, crownether, 
45-100°C or Amberiyst A-26F“, CH 2 Ci 2 , 0°C. 7: Diethylaminosuifurtrifiuoride (DAST), -80°C 
-25°C or TMSCI, pyridine; diethylaminosuifurtrifiuoride (DAST), -80°C-25°C. 8: N 2 Fl 4 ,A. 
9: Pd-C, H 2 . 



Scheme 5 . Possible follow-up reactions of the hydroxy group of chiral cyanohydrins 
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phonates of various cyanohydrins have been prepared [181]. In the displace- 
ment reaction aromatic and a,jS-unsaturated sulfonyloxynitriles can racemise 
to a large extent even under mild reaction conditions [181]. Aliphatic sulpho- 
nated cyanohydrins gave the desired substitution product cleanly under mild 
conditions [181]. Inversion of aromatic sulfonyloxynitriles under Mitsunobu 
conditions yielded, at least with 0-nucleophiles, a complete inversion of con- 
figuration [182]. a-Sulphonyloxynitriles can be converted to a-azidonitriles, 
a-aminoacids, a-aminonitriles and aziridines in high chemical and optical 
yields. Furthermore, displacement with alkali acetates gave the inverted a-ace- 
toxynitriles which can be cleaved to give the corresponding chiral cyanohydrin 
with inverted configuration [180, 181]. a-Fluoronitriles can also be obtained 
with inversion of configuration by the action of diethylaminosulfurtrifluoride 
(DAST) [183]. Fluorinated nitriles can be transformed into a-fluoro carboxylic 
acids [184, 185] and to jS-fluoroamines [186, 187] without racemisation. 



5.2.2 

Reaction of the Nitrile Group 

Optically active a-hydroxycarboxylic acids are valuable synthons for synthetic 
purposes [188-192] and for optical resolutions [193]. Since they are not widely 
distributed in Nature, several methods of preparation have been developed [2, 
161]. However, all these methods cannot compete with the acid catalysed hydro- 
lysis of chiral cyanohydrins [149] (Scheme 6). Since (R)- and (S) -cyanohydrins 
are readily available by the employment of oxynitrilases, a broad range of chiral 
a-hydroxycarboxylic acids is accessible. 0-Protected or even free cyanohydrins 
have been used as starting materials and, interestingly, could be hydrolysed in 
good yield without racemisation upon treatment with concentrated aqueous 
hydrochloric acid [131, 138, 149]. 

Another important class of compounds which can be prepared from cyano- 
hydrins are jS-aminoalcohols. These compounds exhibit biological activity and 
can be subdivided into the adrenaline and ephedrine type compounds [2, 194]. 
Adrenaline type jS-aminoalcohols can be prepared without racemisation by 
hydrogenation of 0-protected cyanohydrins [101, 110, 195, 196] and by the 
action of lithium aluminium hydride on unprotected chiral cyanohydrins [131]. 
Ephedrine type aminoalcohols are accessible by the addition of a Grignard 
reagent to the chiral cyanohydrin followed by reduction of the imine inter- 
mediate formed [191, 192, 196-199]. Both addition and reduction have been 
reported to proceed with high stereoselectivity. Such imines can also be trans- 
iminated with primary amines to give N-substituted aminoalcohols [200, 20 1 ] or 
can be directly hydrolysed to give optically active acyloins [66, 158, 196, 198, 202, 
203]. The addition of hydrogen cyanide to imines has been reported for the pre- 
paration of jS-hydroxysubstituted a-amino acids [204]. 

a-Hydroxyaldehydes in optically pure form are important chiral synthons in 
asymmetric syntheses [2] . They can be obtained by selective partial reduction of 
chiral cyanohydrins [ 1 79, 205] . However, in some cases, low yields were obtained 
due to difficult work up procedures, although the reduction itself proceeds with- 
out loss of optical purity [206]. a, jS-Dihydroxy acids can be obtained by the 
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1: TBDMS-CI, imidazole. 2: R^IVIgX; NaBH4; H3O+. 3: ffMgX; H3O+. 4: R^IVIgX; RjNHj; NaBH4; 
H3O+. 5: 2-methoxypropene, POCI3; Et3N, H2O; DIBAL-H; NH4Br, CH3OH; R^NHj; HCN; dil. HCI; 
1,1'-carbonyldiimidazole, Et3N; K2CO3, EtOH; dil. HCI; 2M KOH. 6: TBDMS-CI, imidazole; DIBAL- 
M; H3O+. 7: HCI cone., A. 8: H2/Ni; NaHS03, NaCN; 2,2-dimethoxypropane, H^^; KOH, EtOH; 
H3O+. 9: TBFMS-CI, imidazole; acetylene, p. Co-catalyst. 10: R^OH, HCI(g). 



Scheme 6. Possible follow up reactions of the nitrile functionality of chiral cyanohydrins 



addition of HCN to the aforementioned a-hydroxyaldehydes [188, 192, 206]. 
Cyclisation reactions of cyanohydrins with acetylene to give chiral 2-pyridyl 
alcohols have also been described [207]. 



5.2.3 

Other Transformations 

Unsaturated chiral cyanohydrins bear another synthetically interesting func- 
tionality, the C-C double bond. Among the opportunities of transforming un- 
saturated cyanohydrins, oxidative cleavage [208, 215], epoxidation [209, 210], 
iodolactonisation [209], addition reactions [211, 212, 216] and metal assisted 
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1 : R2=H; CHgOH.Hh 2: (+)-DMTAl(O^Pr4)4, TBHR 3 : Ri=CH3(CH2)„, (n=0,2); R 2 =H; BU2O, 
pyridine. 4 : Pd(CH3CN)2Ci2. 5 : CH3OH, H^ 6: NaHCOg, ig- 7 : R 2 =TBDMS; BrCHgCOOCHg.Zn. 

Scheme 7. Further transformations of a,/i-unsaturated aldehyde cyanohydrins 



rearrangement reactions [213, 214] have been reported. Consequently, these 
highly functionalised chiral synthons can obviously be of great synthetic value 
to the chemist [215-219] (Scheme 7). 

6 

Future Perspectives 

Nowadays, the oxynitrilase catalysed formation of chiral cyanohydrins is well 
established. This technology is obviously superior to other methods with respect 
to the obtained chemical and optical yields. A better understanding of this class 
of C-C bond forming enzymes on a molecular level and also the resolution of 
their 3D structures should help to explore further the reaction mechanism of the 
oxynitrilase catalysed cyanohydrin formation in more detail. Genetic engineer- 
ing can yield modified enzymes which might enlarge the range of carbonyl 
compounds that are accepted as substrates. The ongoing development of new 
synthetic transformation methods would facilitate the application of this useful 
class of compounds in science and industry. 
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Enzymes are indispensable tools in modern organic synthesis. Recent progress in cloning 
techniques, microbiology and protein purification supply an ever growing number and quan- 
tity of preparatively useful biocatalysts. Initially used to synthesize compounds found in 
nature, enzymes are now probed on non-natural substrates to an increasing degree. They work 
on highly functional and unprotected substrates under mild and environmentally friendly 
conditions. In addition, they exhibit an excellent chemo-, regio- and stereoselectivity. The 
following article will focus on the application of glycosyltransferases in the area of molecular 
glycobiology. Selected reactions with non-natural substrates will be discussed. 
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nors, Non-natural oligosaccharides. 



1 Introduction 228 

2 Prerequisites of Enzymatic Glycosylations 228 

2.1 Leloir-Transferases 229 

2.2 Donor Substrates 229 

3 Enzymatic Glycosylations 231 

3.1 Galactosyltransferases 231 

3.1.1 jS(l-4)Galactosyltransferase 231 

3.1.2 jS(l-3)Galactosyltransferases 234 

3.1.3 a(l-3)Galactosyltransferases 235 

3.2 Glucosyltransferases 238 

3.3 Fucosyltransferases 238 

3.3.1 Fucosyltransferase VI 238 

3.3.2 Fucosyltransferase III 243 

3.3.3 Purine-Diphosphate Fucoses 244 

3.4 Sialyltransferases 248 

3.4.1 a(2-3)Sialyltransferases 248 

3.4.2 a(2-6)Sialyltransferases 250 

3.5 Other Transferases 251 

4 Outlook 251 

5 References 252 



Topics in Current Chemistry, Vol. 200 
© Springer Verlag Berlin Heidelberg 1999 




228 



R. Ohrlein 



1 

Introduction 

Carbohydrates are the most widely and abundantly distributed class of bio- 
molecules in Nature [ 1 ] . They either form homo- or heteropolymers with them- 
selves [2] or they may be linked to various lipids and proteins to build 0- and 
N-glycans [3, 4]. This diversity is reflected by their broad biological functions. 
Besides their importance as storage and supporting compounds, carbohydrates 
play key- roles in biological recognition and adhesion phenomena [5]. For ex- 
ample, they are involved in egg-sperm fertilization [6], cell differentiation 
during embryonic development [7, 8], or antigenic events [9, 10]. In addition, 
parasitic viruses, bacteria and toxins take advantage of various cell surface car- 
bohydrates. They firmly attach to peripheral sugars before penetrating and 
damaging the cell [11-14]. Also malignant, metastasizing cells present and re- 
cognize specific cell surface carbohydrates [15]. Carbohydrates and structural 
analogues are therefore considered as potential drug candidates [16, 17]. Recent 
research efforts have been devoted to the leukocyte and influenza virus ad- 
hesions [18-21] and the xenotransplantation area [22, 23]. 

In order to carry out these investigations seriously, large numbers of natural 
and modified oligosaccharides have to be made available for high-throughput 
screenings. These numbers of compounds can hardly be supplied by classical 
glycoside synthesis, although a mature level with numerous protocols has been 
reached [24, 25 a]. An alternative, or better a complementary strategy has been 
pioneered by Whitesides et al. [26] and Auge et al. [27] who explored the pre- 
paration of oligosaccharides with the help of biocatalysts. This review will focus 
on the use of Leloir-glycosyltransferases for the synthesis of non-natural oligo- 
saccharide derivatives. The reader is referred to other excellent compilations for 
a more comprehensive survey [28-32]. 

2 

Prerequisites of Enzymatic Glycosylations 

The biocatalytic glycosylation of unprotected carbohydrates excels by its ex- 
clusive regio- and stereoselectivity. In addition, the absence of any protecting 
group manipulation simplifies the preparative routes towards oligosaccharides 
and reduces the workload and hence the synthetic costs for carbohydrate 
chemists as compared to chemical synthesis [25a]. However, there are two pre- 
requisites which have to be fulfilled in order to be able to make the switch 
towards a biocatalytic method. The first prerequisite concerns the glyco- 
syltransferases as the biocatalysts. For the synthetic chemist, one has to make 
oneself familiar with this particular class of biocatalysts. Glycosyltransferases 
are type II membrane bound glycoproteins consisting of a short N-terminal 
cytoplasmic domain, a transmembrane domain with a “stem” or “neck” region 
which is easily cleavable by proteases, and the C-terminal catalytic domain 
[25b]. Normally, the transferases are anchored to an internal cell membrane by 
the transmembrane region. However, in body fluids like blood or milk, func- 
tional transferases can be found which have been released by certain proteases 
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by cleavage at the “neck” region. Such truncated enzymes are preferentially 
cloned and overexpressed in a number of cell types, in contrast to the full 
length transferases. Because a single transferase may show microheterogeneity 
with regard to chain length and glycosylation pattern due to the individual 
expression system. Therefore it is best purified by affinity chromatography. 

There is no general rule concerning the stability of a transferase; e.g., 
jS(l-4)GalT can be stored as a lyophilized powder and reconstituted in an 
appropriate buffer system before use. The transferases show optimum conversi- 
on rates at 37 °C and at a pH around 7. Some enzymes like the GalTs and FucTs 
require Mn^"^ as a cofactor whereas SiaTs do not. The user should also pay atten- 
tion to the different stabilities of the various transferases depending on the 
expression and purification protocols. 

The second prerequisite of the Leloir-transferases are the necessary donor 
substrates which are nucleotide mono- or diphosphate sugars. Particularly in 
microorganisms, there seems to be an almost unlimited number of donor sugars 
occurring in Nature. However, mammals use only a highly restricted set of 
donors. The description of the preparative use of mammalian transferases in 
combination with non-natural donor sugars and non-natural acceptor sub- 
strates is the main topic of this article. 



2.1 

Leloir-Transferases 

In mammalian systems, the Leloir-transferases play the central role in the bio- 
synthesis of glycosidic bonds [33]. These enzymes transfer a monosaccharide 
unit from a nucleotide activated donor regio- and stereoselectively onto a spe- 
cific OH-group of an acceptor sugar (Fig. 1). 

Apart from the desired saccharide, a nucleotide side-product is produced 
which acts as a natural inhibitor on the respective transferase. To shift the equi- 
librium to the oligosaccharide product the nucleotide has to be removed in 
vitro. This can be accomplished by the addition of an alkaline phosphatase to the 
incubation mixture [34a], or by recycling the glycosyl donor if it is a natural 
compound [34b]. 

Well over a hundred different transferases [E.G. 2. 4 ] have been described 

so far [31]. Only a limited number is commercially available for preparative use, 
and others have to be isolated from natural sources [28]. 



2.2 

Donor Substrates 

Surprisingly, mammalian cells are able to produce the vast diversity of oligo- 
saccharide structures with only eight sugar nucleotide building blocks (Fig. 2). 
Following transfer, the sugars may be even further modified by other carbo- 
hydrate processing enzymes [35]. 

A few of these natural donors are commercially available in larger quantities 
[36] but most of them can be synthesized following original protocols. A selec- 
tion of more recent preparations is given in Table 1. 
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[E.C.2.4....] 





Fig.1. General scheme for enzymatic glycosylations by Leloir-transferases 










Fig. 2. Nucleotide-activated donor sugars [35], see Table 1; © = 0P(0)0H 
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Table 1. Useful protocols for the synthesis of nucleotide-activated donor sugars 


Donor 


Reference 


Donor 


Reference 


CMP-Sia 


[37-39] 


UDP-GlcUA 


[35,44] 


GDP-Fuc 


[40 - 42] 


UDP-Glc 


[45] 


GDP-Man 


[41,43] 


UDP-GalNAc 


[46] 


UDP-Gal 


[35, 36,41] 


UDP-GlcNAc 


[35] 



In some cases the natural nucleotide-activated donors can be generated in 
situ prior to the enzymatic transfer [28, 34b, 47] . A prerequisite for this technol- 
ogy, however, is the availability of an arsenal of enzymes, e. g. aldolases, synthe- 
tases, phosphokinases, nucleoside monophosphate kinases, pyruvate kinases, 
epimerases etc. Although some of these enzymes accept non-natural substrates, 
their one-pot use for recycling non-natural substrates in a multi-enzyme 
sequence is still an area of rewarding research. The references to non-natural 
donors will be given below, together with their use in the respective glycosyla- 
tion reactions. 

3 

Enzymatic Glycosylations 



3.1 

Galactosyltransferases 



3.1.1 

p(1 -4)Galactosyltransferase 

To date commercial jS(l-4)ga/actosylfransferase from bovine milk - jS(l-4)GalT - 
is the most thoroughly studied transferase with respect to its scope of the accep- 
tor- and donor-specificities [28, 48]. The enzyme transfers a D-galactose unit 
from UDP-Gal onto the 4-OH-group of a terminal M-acetylglucosamine ac- 
ceptor in a jS-mode to form M-acetyllactosamine (Fig. 3). In the presence of 
a-lactalbumine, the preferred acceptor is glucose to give lactose, respectively. 

The aglycon moiety is the most extensively varied residue of the acceptor 
structure. The transferase tolerates almost any derivative as long as it is jS-linked 
to the M-acetylglucosamine and fairly soluble in the incubation mixture. Select- 
ed examples are listed in Table 2. Besides compounds with highly lipophilic 
0-aglycons (entries 2-8), S-aglycons (entry 10) have also been found to be good 
acceptor substrates for jS(l-4)GalT using standard glycosylation conditions 
[49]. This method is also applicable for the rapid and stereo chemically unambi- 
guous synthesis of di- and tri-antennary carbohydrate structures (entries 
11-13). The enzymatic galactosylation of various glycopeptide entities (entries 
15-17) was also easily achieved on a preparative scale, including that of multi- 
antennary compounds which mimic natural glycopeptide structures [50]. In 
some cases (see Table 2) two substituents of the natural M-acetylglucosamine 
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s 'SSi' 



(OH) 

(glucose) 

Fig. 3. Galactosylation with /i(l -4)galactosyltransferase 



(lactose) 



Table 2. /i(l -4)Galactosylations of glucosamides with various /i-linked aglycons 



Entry Aglycon 



[%] Ref. Entry Aglycon 



[%] Ref. 



1 -OH 96 b [51] 2 -0(CH2)8C00CH3 95*’ [52] 

3 -0CH2CH=CH2 93 b [51] 4 -0(CH2)3CH=CH2 86*’ [51] 

5 -0(CH2)iiCH 3 42b [51] 6 -OCH2CH2SiMe3 9gb [53] 




15 


ZSpr-ValO'Bu 

Q, 


59 a 


[58] 


16 


Ac4jSpR 

,.NH 


96“ 


[50] 


17 


BocAsp-A|a-Ser-OMe 


35 


[59] 


18 


glucosteroids 


55^“ 


[60] 



. NH 



“ acceptor GlcNAc. 

b acceptor GlcNHCOOCHjCHj^CHj; according to Fig. 3. 

acceptor had been exchanged; in addition to the aglycon part the M-acetyl group 
can be replaced by the synthetically more versatile allyloxycarbonyl residue [51]. 

Permissible substitutions of the natural M-acetyl group have been further 
investigated (Table 3) [52]. For example, this group can be substituted by thio- 
amides or sulfonamides (entries 6, 7, 14 - 16). Unexpectedly, positive or negative 
charges on the M-acyl chain are also tolerated, such as a guanidinium or sulfate 
group (entries 5, 10, 20, 22). The natural M-acetyl group can be supplanted by 
heterocycles that closely resemble the uridine part of the donor component 
without adverse effects (entry 9). The stereoselective galactosylation of the 
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TabieB. Enzymatic /i(l -4)galactosylations of various N-acyl glycosamides with aglycon-0- 
(CH 2 ) 8 COOMe, according to Fig. 3 [52, 56, 61] 



Entry 


Acyl residue 


Yield % 

(mg) 


Entry 


Acyl residue 


Yield % 
(mg) 


1 


- C(0)CH3 


95 (35) 


14 


- C(S)NHCH2CH3 


98 (40) 


2 


- C(0)H 


88 (28) 


IS 


- S(0)2CH3 


87 (30) 


3 


- C(0)CH(CH3)2 


90 (31) 


16 


- S(0)2toluyl 


82 (16) 


4 


- C(0)CH20H 


84 (35) 


17 


- C(0)Ph 


81 (16) 


5 


- C(0)CH2NH2 


75 (66) 


18 


- C(0)CH2SH 


29 (7) 


6 


- C(S)CH3 


100 (29) 


19 


- C(0)0CH2CH=CH2 


100(18) 


7 


- C(S)0CH2CH3 


85 (19) 


20 


- C(0)CH2S03Na 


77 (39) 


S 


OH O 

1 K, L 


74 (19) 


21 


0 


78 (16) 



V 

OH 

O 



NH 

N'^NH, 
H ^ 






71 (35) 



65 (30) 



53 (11) 



H,N N 




73 (29) 



37 (14) 



58 (17) 



1W w - ' 



61 (16) 



HOJ 

i t=n 



40 (12) 



HO 

HO 



96 (37) 




83 (27) 
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highly polar and bulky glycuronamide derivatives (entries 1 1- 13, 24, 25) is sur- 
prising as well. None of the investigated sugar amides [61] inhibits the 
jS(l-4)GalT, and galactosyltransfer occurs exclusively as expected onto the 
4-OH-group of the glucosamide moiety. 

The jS(l-4)GalT has been reported to tolerate modifications at any OH-group 
of the galactose moiety within the “UDP-Gal donor”, including the ring oxygen 
[28, 48]. Accordingly, the galactose ring oxygen (Fig. 2) has been replaced by 
sulfur [48] , and various hydroxyl groups have been replaced by hydrogen [48] or 
fluoride [62]. It has also been demonstrated that donors like UDP-GalN, UDP- 
GalNAc and UDP-Glc are transferred by the enzyme in the expected manner [48, 
63]. Very interesting is the recent finding that UDP-5SGalNAc is utilized for 
transfer to a glucosamide derivative by jS(l -4)GalT [64]. There are also reports 
which document the stereoselective galactosylation of acceptors having only a 
distant structural relationship to the natural N-acetylglucosamine acceptor 
(Fig. 4). Gompounds A, B, C [65] and the C-glycoside D [66] are jS-galactosylated 
at the expected positions in 20-40% yield according to the standard protocol 
[67], whereas compound E and related ones experience frame-shifted galacto- 
sylations [47]. An interesting new application was shown by Wang and co- 
workers [68]. Upon incubation of jS(l-4)GalT with racemic (±)-conduritol B 
and UDP-Gal, exclusive galactosylation of the (-)-isomer was observed which 
has been used to resolve the enantiomers. Although most of the non-natural 
substrates cited above have pretty low transfer rates, preparatively useful 
amounts of the desired galactosides have been produced. 

A variety of non-mammalian jS(l-4)GalTs are widely distributed in Nature. 
For example, a cell free extract from S. hygroscopicus has been used to galacto- 
sylate macrolide antibiotics [69]. Notably, a number of solid-phase galactosyla- 
tions of immobilized substrates have also been probed successfully [70-72]. 




(iconduritol) 



Fig. 4. Non-natural galactose acceptors {arrows indicate the site of the galactosyltransfer) 



3.1.2 

p(1 - 3)Galactosyltransferases 

The core I jS(l-3)GalT has been isolated from various animal tissues. By trans- 
ferring a galactose unit in a jS-mode onto the 3 -OH-group of a terminal, a-linked 
N-GalNAc (Fig. 5) the enzyme forms the T-antigen (core I). Overproduction of 





Glycosyltransferase-Catalyzed Synthesis of Non-Natural Oligosaccharides 



235 




UDP-Gal 

;8(1-3)GalT 




Fig. 5. Enzymatic formation of core-I disaccharide 



the latter is characteristic of cancer cells. The rat liver enzyme has been shown 
to tolerate minor modifications on the acceptor C-6 carbon, and a number of 
peptides are tolerated at the aglycon position apart from the natural 0-linked 
serine or threonine residues [73]. 

A rat jS(l-3)GalT (E.C.2.4.1.62) of different specificity has been cloned and 
overexpressed in mouse melanoma B 16 cells [74]. This enzyme transfers a galac- 
tose unit from UDP-Gal onto the 3-OH-group of a GalNAc acceptor in a jS-mode 
to form glycolipids of the ganglioside family, such as Guib/GMi/GAi • The enzyme 
can be expected to be useful for the synthesis of a variety of non-natural gang- 
liosides and glycolipids but for that purpose has not yet been probed on a pre- 
parative scale. 

A further jS(l-3)GalT, distinct from the enzyme in melanoma cells, from 
human brain tissue has been cloned and overexpressed successfully in insect 
cells [75]. This enzyme transfers a galactose unit from UDP-Gal onto the 3-OH- 
group of a terminal M-acetylglucosamine in a jS-mode to form the type-I (or 
Lewis‘S) disaccharide (Fig. 6). 

UDP-Gal o-tL -0 

M1-3)GalT 

HO NHAc 

R = OlCHjlgCOOCHj, OtCHjlsCOOH, H 
Fig. 6. Enzymatic formation of Lewis “^-type disaccharides 




A limited study conducted with this enzyme shows its high synthetic poten- 
tial. Various non-natural M-acyl residues (Table 4) are tolerated by this trans- 
ferase, despite their close proximity to the site of enzymatic galactosylation [76] . 
A more thorough investigation may unveil an even broader synthetic scope of 
this biocatalyst. 



3.1.3 

a(1 -3)Galactosyltransferases 

Only two a-GalTs have been more closely explored up to now [28]. The human 
blood group B transferase (E.C. 2.4.1.37), which is responsible for the synthesis 
of the blood group B trisaccharide, transfers a galactose unit from UDP-Gal in 
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Table 4. /l(l-3)Galactosylation of various non-natural glucosamides 
according Fig. 6 



Entry 


N-acyl 


% 


Entry 


N-acyl 


% 


1 


O 


97 


4 


0 

A 

H ' 


30 


2 


0 

A 

/ 0 ' 


34 


5 


0 " 

0 ^ / 0 
0 


51 


3 


0 


61 


6 


0 


59 



an a-mode onto the 3-OH-group of a terminal galactose acceptor carrying an 
a-linked fucose at its 2-OH position (Fig. 7). 

When studying the minimum structural requirements of an enzyme pre- 
paration from human blood, Hindsgaul and coworkers [77, 78] found that the 
enzyme tolerates only minor changes at the 6-position of the acceptor galactose. 
Although the relative transfer rates for the non-natural acceptors are far lower 
than for the parent compound, the enzyme may be applicable for the prepara- 
tive synthesis of non-natural blood group B derivatives (cf. Fig. 7 and Table 5). 
Modifications at the fucose moiety have not been tested. 




Fig. 7. Enzymatic formation of blood group B trisaccharide (compare Table 5 for structural 
modifications of acceptor) 



Tables. a(l-3)Galactosylations of various non-natural acceptors; 
modified groups as indicated in Fig. 7 



Residue 


Rel. rate 


Residue 


Rel. rate 


6 -H 


35% 


6 -OMe 


3.2% 


6 -F 


43% 


6 -NH 2 


2 % 
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OH J-OH 

HO OH NHAc 

R = (CH2)eCOOCH3 



a(1-3)GalT 



HO? 






OH 5-OH 



OR 



NHAc 






OH 



OH 



Fig. 8. Enzymatic formation of linear-B trisaccharide 



A second mammalian a-GalT (E.C. 2.4.1. 141) attracted the attention of the 
glycobiologists. This enzyme catalyzes the a-specific transfer of a galactose unit 
onto the 3-OH group of a terminal galactose to form the so called linear-B-tri- 
saccharide (Fig. 8). 

The trisaccharide has been found to be responsible for hyperacute rejections 
in the xenotransplantation area [10, 79]. The pig enzyme has been cloned and 
overexpressed in insect cells, and is currently being evaluated for preparative use 
[80]. It tolerates a wide range of non-natural acyl replacements of the M-acetyl 
group of the penultimate GlcNAc moiety (Table 6) [81]. 



Tabie6. a(l-3)Galactosylations with various non-natural N-acyl-glucosamides according 
Fig. 8: alloc = allyloxycarbonyl; Z=benzyloxycarbonyl 

Entry Acyl Yield % (mg) Entry Acyl Yield % (mg) 
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3.2 

Glucosyltransferases 

Although this review intends to summarize the more recent progress in the area, 
some older studies concerning GlcTs are to be included here, because very little 
attention has been paid to these types of enzymes recently. Elegant studies 
exploring modifications of the UDP-Glc donor (Fig. 9) have been performed 
early on [82]. The investigated GlcTs accept UDP-Glc donors with modifications 
at the 2-OH-group of the glucose moiety, whereas only minor changes are allow- 
ed at the 4- and 6-OH-groups. The 3-OH-group of the donor has been found to 
be a prerequisite feature for their recognition by the transferases. Unfortunate- 
ly, these results have mostly been neglected in more recent summaries, although 
they were seminal for the preparative exploitation of glucosyltransferases. 



\ 

HO 
^ HO 






OH 

O 




NH / 

HOj -^[1 T / 

.. 



essential 
(no modification) 

less essential 
(slight modification) 

non-essential 
(wide modification) 



HO 



OH' 



Fig. 9. Functional requirements of investigated glucosyltransferases [82] 



3.3 

Fucosyltransferases 

Fucosides and /ucosyltransferases - FucT - play key roles in the regulatory 
pathways of intercellular recognition events [11]. A recent compilation should 
be consulted concerning the confusing nomenclature of FucTs and their natural 
acceptors [83]. A number of FucTs have been cloned and overexpressed but none 
is yet commercially available on a scale for preparative usage. Some rather unex- 
pected and preparatively useful findings from studies with human enzymes are 
included here [28,48]. 



3.3.1 

Fucosyltransferase VI 

Recombinant human FucT VI [84, 85] (EMBL accession no. L01698) has been 
used to synthesize sialyl- Lewis’' and a number of related tetrasaccharides. In 
vivo, the enzyme transfers a fucose unit from GDP-Fuc [42] onto the 3-OH group 
of a GlcNAc moiety in an a-mode (Fig. 10). 

When an W-acetyllactosamine acceptor is fucosylated Lewis’' is obtained. If 
the terminal galactose of the W-acetyllactosamine acceptor carries a sialic acid, 
the fucosylation of the W-acetylglucosamine unit leads to sialyl-Lewis’' (as de- 
picted in Fig. 10) [86, 87]. In consequence, this means that the 3-OH group of 
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GDP-Fuc 



FucT VI 



OH OH 


0^ 


,OH 






o2 


OH 




HO 



,OH 



pH 



_ OR 
NHAc 






R = (CH2)jCOOCH3 ho' 



'.OH 



Fig. 10. Enzymatic a(l-3)fucosylation with FucT VI 

the galactose unit will be open to wide modifications. We have explored the use- 
fulness of recombinant FucT VI for the preparation of sialyl-Lewis’' derivatives 
that have the natural V-acetyl group of the glucosamine acceptor replaced. Al- 
though this group is located in the immediate proximity of the OH-group to 
be fucosylated, an unexpectedly broad range of non-natural V-acyl residues is 
tolerated by the enzyme (Table 7) [61, 88]. 

The carbonyl group can be replaced by a thiocarbonyl group (entries 5, 6) or 
by a sulfonamide (entry 24). The enzyme also accepts the presence of negative 
(entry 10) or positive charges (entry 11, 13) on the glucosamine V-acyl chain. 
The natural V-acetyl group can as well be replaced by bulky aromatic or hetero- 
aromatic amides (entries 12, 15-18). Even an exchange of the V-acetyl function- 
ality by highly polar and bulky glycuronamides (entries 19-23) is tolerated. 
Irrespective of the glycuronamide structures, exclusive a-fucosylation of the glu- 
cosamide 3-OH-group is observed, under standard incubation conditions [67]. 

It is an unexpected finding that the V-acetylglucosamine moiety can be repla- 
ced completely (Fig. 1 1). However, the examples C and D show the selective fuco- 




Fig. 11. Enzymatic fucosylations of glycomimetics 
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Table 7. Fucosylations of non-natural N-acyl-glucosamides with FucT VI (Fig. 10) [61, 88] 



Entry Acyl 



Entry Acyl 



'l._/S 03 Na 



OH O 



OH O 






OH 



uiv 

°’T?aic 
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sylation at the only OH-group of the glycosylated cyclohexanediol as a M-acetyl- 
glucosamine mimetic with natural a-selectivity. As example D illustrates, the 
sialic acid moiety can even be substituted by a phenyl-lactic acid residue [56]. 
This compound only very distantly resembles a natural acceptor, but nonethe- 
less becomes fucosylated in the desired fashion in high yield. 

A number of non-natural fucosyl donors have also been probed with this 
enzyme [89]. As can be seen from Fig. 12, the C-6-atom of fucose is open for 
modifications. L-Gal and o-Ara are good substrates, whereas replacement of the 
2-OH group of the fucose donor apparently is not tolerated by FucT VI. Indeed, 
Hindsgaul and coworkers succeeded in attaching the blood group A trisaccharide 
to the 6-position of the fucose donor and proved the biocatalytic transfer of this 
strange “sugar” [90]. The combination of non-natural donors with non-natural 
acceptors by enzymatic fucosyltransfer has also been probed which proved to 
be instrumental in the assembly of a library of sialyl-Lewis’' tetrasaccharides 
(Fig. 12) [91]. 

Selected combinations are listed in Table 8. The examples show the syn- 
thetic efficiency by which FucT VI attaches non-natural o-Ara or L-Gal donors 
(non-natural with respect to the transferase) selectively to the 3-OH-group of 
a series of glucosamide acceptors carrying non-natural aromatic amides. 



Table 8. Transfer of non-natural sugars onto non-natural N-acyl glucosamide acceptors (com- 
pare Fig. 12) 

Entry Acyl Sugar % (mg) Entry Acyl Sugar % (mg) 
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Fig. 12. Fucosylations with FucT VI and non-natural donors 
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Fig. 13. Enzymatic fucosylations with FucT III to give sialyl-Lewis“ 



3.3.2 

Fucosyltransferase III 

The FucT III transfers an L-fucose unit from GDP-fucose onto the 4-OH-group 
of a galactosylated M-acetylglucosamine in an a-mode to give the Lewis** trisac- 
charide or the sialyl-Lewis** tetrasaccharide, respectively (Fig. 13). 

Using an enzyme isolated from human milk, key polar groups on the acceptor 
and donor substrates have been decoded [48, 92] . The availability of larger quan- 
tities of the recombinant form of fucosyltransferase III (Lewis-enzyme, EMBL 
accession no. X 53578) [93] allowed evaluation of the enzyme for preparative use 
with non-natural substrates [56, 89, 94, 95]. 

The replacement of the M-acetyl group of the M-acetylglucosamine unit is 
widely tolerated (Table 9). Especially striking is again the selective fucosylation 
of the glycuronamide derivatives (entries 11-15). Heterocyclic substituents on 
the acceptor apparently do not affect the enzyme either (entries 8-10). Non- 
natural fucose donors are also recognized by FucT III and transferred in the 
expected way to form Lewis** trisaccharides or sialyl-Lewis** tetrasaccharides, 
respectively (see Fig. 14). 

It goes without saying that the combined use of non-natural acceptors and 
non-natural donors has subsequently been explored (see Table 10) [96]. 

In contrast to FucT VI, the FucT III transfers L-glucose (entry 4), the charged 
2-aminofucose [42] (entry 15) and 2-fluorofucose (entry 2). This is particularly 
noteworthy with respect to results obtained by Wong and coworkers who have 
observed that GDP-2-fluorofucose is a potent inhibitor for the functionally 
closely related FucT V [97]. 

These examples confirm a greater substrate flexibility of FucT III as com- 
pared to FucT VI in their recognition of non-natural substrates. Thus, a large 
library of sialyl-Lewis** derivatives could be easily assembled [96]. 
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Table 9. Fucosylations of non-natural N-acyl glucosamides with FucT III (see Fig. 13) 



Entry N-acyl residue % Entry N-acyl residue % 

(mg) (mg) 






78 

(9) 




IS OMe '7‘i 

(9) 

cP» 

H 



4 


I 

o- 

o 


100 




'■'Tl 


(6) 




M 






F 




6 




56 

(7) 


8 


•vv" 


80 

(13) 




OH 




10 


0 ™ 


76 






(20) 










OH 




12 


HO -4— OMe 

OH 


63 

(19) 


14 


qOH 


56 

(12) 



H 



3.3.3 

Purine-Diphosphate-Fucoses 

The search for potent and selective fucosyltransferase inhibitors stimulated 
more profound investigations with non-natural fucose-donors. Purine base- 
modified fucose donors were synthesized and incubated with FucT III or FucT 
VI and their respective type-I or type-II acceptors [98]. Surprisingly, both enzy- 
mes tolerate an exchange of the guanine by other purine bases having different 
hydrogen bonding capabilities. These substrate analogs are handled by the 
transferases like the natural GDP-fucose as is evident by the good isolated pro- 
duct yields (Fig. 15 and Table 11). However, neither of the transferases accepts 
GTP-fucose. 
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Fig. 14. Enzymatic fucosylations with FucT III and non-natural donors 
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Table 10. Transfer of 


non-natural donors onto 


non-natural acceptors with FucT III (Fig. 14) 


Entry Sugar 
donor 


N-acyl 

residue 


% 

(mg) 


Entry Sugar 
donor 


AT-acyl 

residue 


% 

(mg) 


HO°H 


0 


89 

(10) 


2 

HO™ 


0 


73 

(11) 



3 




4 




48 

(5) 
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OH NH/ 



type I 



OR 
NHAc 



+ 

O O 



OH 



NHAc 
OR 



FUCTIII '''^^0°H6Nr6Na'~''j_^ VI 






HO°^ HO OH 

purine diphosphate fucose 



OH 

type II 



t^o o r°'^ 

R = (CH2)gCOOCH3 

OH NHAc 

Lewis^ 

Fig. 15. Probing purine diphosphate fucoses (see also Table 1 1) 




OR 



Table 11. Transfer from differently nucleotide activated fucoses with FucT 
III and FucT VI to form Lewis" and Lewis’' (according to Fig. 15) 



Entry Nucleotide Base Yield of Yield of 

Lewis" [%] Lewis’' [%] 



1 GDP 



2 ADP 



3 XDP 



4 IDP 



5 GTP 
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3.4 

Sialyltransferases 

Efficient, stereoselective sialylations are still a cumbersome challenge for syn- 
thetic carbohydrate chemists due to the lack of neighboring group participation 
of the sialic acid [29]. Transferase-catalyzed sialylations therefore offer a wel- 
come synthetic alternative. To date, eight different sialic acid linkage types have 
been identified. Out of the more than a dozen different sialyltransferases - SiaT 
- that have been found and cloned [99] a rat liver a(2-6)SiaT (E.C.2.4.99.1) and 
porcine a(2-3)SiaT (E.C.2.4.99.4) are commercially available. The synthesis of 
the natural CMP-sialic acid donor and that of various derivatives have been 
described [39, 48, 100, 101]. The capability for transfer of donor analogs by 
a(2-6)SiaT and rat liver a(2-3)SiaT (E.C.2.4.99.6) has recently been compiled 
[28,48], 



3.4.1 

a(2-3)Sialyltransf erases 

The rat liver a(2-3)SiaT (EMBL accession no. M97754) has been cloned and 
overexpressed in COS cells [102]. The enzyme transfers a sialic acid unit from 
CMP-sialic acid onto the 3-OH-group of a terminal jS-linked D-galactose in an 
a-mode. The galactose acceptor itself can be attached either to the 3-OH-group 
(type I) or the 4-OH-group (type II) of a M-acetylglucosamine subunit (Fig. 16). 

It has been found that the M-acetyl group of the GlcNAc moiety on both the 
type I and type II acceptors is not a key requirement for the rat enzyme [48]. 
Extensive variations at this position are allowed for which selected examples are 
listed in Table 12 [61, 95, 103, 104], Noteworthy are the charged (entries 4, 6, 13) 
and the sulfonamide (entry 9) replacements. The orotic acid amide (entry 15) 
does not show inhibitory effects despite its close structural similarity to the cyti- 
dine part of the donor (Fig. 2). The glycuronamide examples (entries 16-20) 
underline the synthetic versatility of the transferase. Exclusive transfer of sialic 
acid to the 3-OH-group of the terminal galactose is observed, although the 
galacturonamides (entries 17, 18) closely resemble the galactose acceptor. 



X NHAc 

OR 



HO^OH 



OH 
type-1 



/oh <c°o 

-V — r\u 



HO 



HO^OH 



OR 
NHAc 



type II 




R = (CHglgCOOCHj 



Fig. 16 . Enzymatic sialylation of type I and type II disaccharides 
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Tabie 12. Enzymatic a(2-3)sialylations of various N-acyl-type I disaccharides with aglycon-0- 
(CH 2 ) 8 COOMe; compare Fig. 16 



Entry Acyl residue Yield Entry Acyl residue Yield 

% (mg) % (mg) 



1 - C(0)CH3 

3 - C(0)H 

5 - C(0)CH20H 

7 - C(0)0CH2CH=CH2 

9 - S(0)2CH3 




75 (81) 2 

55 (10) 4 

79 (14) 6 

71 (36) 8 

94 (28) 10 

15(12) 12 

82 (39) 14 

73 (56) 16 

90 (35) 18 



- C(0)CP3 


89 (39) 


- C(0)CH2NH2 


59 (12) 


- C( 0 )CH 2 S 03 Na 


53 (13) 


- C(0)Ph 


72 (48) 


OH 0 


46 (30) 


0 


60 (31) 


OH 




0 


88 (48) 






OH 






70 (25) 


HO°v ' 


93 (30) 



bMe 



19 




20 74 (10) 




The same holds true for the type II case where the listing is completed by 
guanine and pteridine examples (Table 13, entries 12 - 14). These results are by no 
means trivial since the porcine a(2 - 3)SiaT had previously been shown to display 
a considerable substrate specificity. For example, the enzyme discriminates the 
penultimate M-acetylglucosamine from an M-acetylgalactosamine [105]. 

The kinetics of porcine a(2-3)SiaT with non-natural donors have been 
studied. Thus, replacements of the natural M-acetyl group at C-5 on the sialic 
acid moiety are allowed (Fig. 2) [106]. A wider synthetic potential may be 
disclosed from the combined incubations of a(2-3)SiaTs in the presence of non- 
natural acceptors and non-natural donors. 
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Table 13. Enzymatic a(2-3)sialylations of various N-acyl-type II disaccharides with 
0(CH2)8C00Me; compare Fig. 16 


aglycon- 


Entry 


Acyl residue 


Yield % 

(mg) 


Entry 


Acyl residue 


Yield 
% (mg) 


1 


- C(0)CH3 


71 (81) 


2 


- C(0)H 


77 (31) 


3 


- C(0)CH(CH3)2 


77(15) 


4 


- C(0)0CH2CH=CH2 


72(186) 


5 


- C(0)Ph 


81 (16) 


6 


- C(0)CH20H 


89 (36) 


7 


- C(0)CH2NH2 


49 (16) 


8 


- C( 0 )CH 2 S 03 Na 


92 (23) 


9 


- C(S)CH3 


77 (24) 


10 


- C(S)0CH2CH3 


65 (15) 


11 


- S(0)2CH3 


92 (34) 


12 


0 NH 

H ^ 


86 (20) 


13 


NH 

A 

' NH^ 


41 (9) 


14 


OH O 


39(7) 


15 


OH O 


74(19) 


16 


O 


86 (41) 




OH 






OH 




17 


0 , 

V 0 

HorAi-AAMs 
HO-^ OH 


95 (17) 


18 


OMe 


87 (20) 


19 


ho9v ' 

OH 


100(17) 


20 


OMe 

HQ 

HO^^ 

HO^° 


62 (11) 


21 


OH 

HO^° 


35 (17) 


22 




66(15) 



3.4.2 

a(2-6)Sialyltransf erases 

The a(2-6)Sia-T transfers a sialic acid from CMP-sialic acid onto the 6-OH- 
group of a terminal galactose in an a-mode (Fig. 17). 

Two a(2-6)SiaTs have been described as being able to sialylate non-natural 
“galactose” residues (see groups marked in Fig. 17 and Table 14) [107]. From the 
kinetic and semi-preparative studies, the indifference of a(2-6)SiaT towards 
the hydroxylation pattern in the very proximity of the sialylation site is evident. 
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SiaT °Y°n° 



OH 



OH NHAc 

■o HO 

^OH 

R = (CHJXHj 



Fig. 17. Enzymatic a(2-6)sialylation (see also Table 14) 



Table 14. a(2-6)Sialylation of non-natural type I disaccharides; compare Fig. 17 



C-3' 


C-4' 


[%] 


mg 


C-3' 


C-4' 


[%] 


mg 


OH 


OH 


79 


2.4 


OH 


F 


79 


2.5 


H 


OH 


63 


2.1 


OH 


epi-OH 


33 


1.8 


OH 


H 


63 


2.2 


OH 


OCH 3 


13 


0.9 



3.5 

Other Transferases 

To date only a limited amount of work has been invested in probing other 
glycosyltransferases for preparative use [108]. A rather large number of i\i-acetyl- 
glucosaminetransferases have been described. Paulsen and coworkers [109, 110] 
and Hindsgaul and coworkers [111,112] have synthesized a number of substrates 
to decode key polar groups on the UDP-GlcNAc donor and the respective accep- 
tors. These studies may prove useful for future preparative applications [28]. 

TheN-GalNAcT (E.C.2.4.1.165), the blood group A transferase, has also been 
explored. The Hindsgaul group has studied the kinetics of a variety of acceptor 
substrates in order to define key hydroxy functions. This work is nicely sum- 
marized and should be consulted before using the transferase on a preparative 
scale [28]. 

Far less knowledge has been accumulated on the mannosyltransferase family. 
A yeast jS(l -4)-ManT has recently been cloned in E. coli [113], and the kinetics 
of a yeast a(l-2)ManT, also cloned in E. coli, with a limited number of non- 
natural acceptors has been reported [28, 114]. This will be helpful for future 
preparative applications. 

4 

Outlook 

Transferases will, without doubt, become routine catalysts in the carbohydrate 
chemist’s labs. One prerequisite for a more widespread use of these biocatalysts 
is their commercial availability. Improved techniques in cloning, overexpression 
and protein purification should facilitate the future commercialization of glyco- 
syltransferases and successively, their widespread synthetic application. The 
second requirement for enzymatic glycosylations is an improved access to the 
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natural and non-natural donor substrates. Although all of the eight natural 
mammalian donors are commercially available, their current high prices put a 
severe impediment on large-scale use. Due to an increasing glyco biotech 
market, UDP-Gal is already offered in kilogram quantities; others will follow for 
sure. Improved protocols for the synthesis of non-natural donors may lead to an 
ever growing knowledge about the substrate specificities of the various trans- 
ferases and their preparative applicability. In the hands of glycochemists, this 
will be a powerful tool to synthesize reliably large numbers of non-natural 
oligosaccharides for high-throughput screens towards novel carbohydrate- 
based pharmaceuticals. 

The full synthetic potential of these biocatalysts is still beyond imagination. 
Especially, selective changes in the protein sequences by molecular biology 
techniques will give catalysts with tailor-made properties. Thus enzymes with 
enhanced stabilities and with defined high affinities toward unusual substrate 
patterns, retaining their exclusive regio- and stereoselectivity, may be created. 

5 
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